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Abstract
BEAF (Boundary Element-Associated Factor) was originally identified as a chromatin domain insulator binding protein, suggesting that it might play a role in linking gene regulation to
chromatin organization and dynamics. Genome-wide mapping found that BEAF is usually found
near transcription start sites, often of housekeeping genes, suggesting that it might play a role in
promoter function. This would be a nontraditional role for an insulator binding protein. To gain
insight into molecular mechanisms of BEAF function, we identified proteins that interact with
BEAF using yeast 2-hybrid assays. Here we focus on three identified transcription factors: Bcd,
Scr and Sry-δ. Interactions were confirmed in pull-down experiments using bacterially expressed
proteins, by bimolecular fluorescence complementation, and in a genetic assay based on a rough
eye phenotype in transgenic flies. The interaction with Sry-δ was most robust. Distantly bound
Sry-δ was able to interact with promoter-proximal BEAF to activate a reporter gene in transient
transfection experiments. We used both a minimal developmental promoter (y) and housekeeping
promoter (RpS12), and found that BEAF itself strongly activated the housekeeping promoter. These
two new functions for BEAF implicate it in playing a direct role in gene regulation at hundreds of
BEAF-associated promoters.
Polybromo is subunit of a SWI/SNF (switch/sucrose non-fermenting) chromatin remodelling
complex. A yeast two hybrid screen of a Drosophila cDNA library identified the nuclear protein
polybromo as interacting with BEAF-32B. It contains six bromodomains and functions as a reader
to recognize acetylated lysine residues on the tails of histones. Evidence from the screen indicates
bromodomain 2 to 5 or 6 is responsible for the interaction with BEAF-32B. We performed yeast
two-hybrid assays, serial dilution and pull down assays to determine that bromodomain 4-5 is crucial
for the interaction. Next, we used yeast two-hybrid to study the interaction between the different
sections of BEAF-32B with bromodomain 4-5, and identified the long leucine zipper region from
BEAF-32B interacts with bromodomain 4-5.
Considering polybromo and BEAF-32B both play a role in Drosophila oogenesis, and polybromo can help to replace H3 with the H3.3 histone variant, we hypothesize that polybromo,
BEAF-32B and Sry-δ work synergistically to regulate transcription during oogenesis and embryo
development. It is possible that BEAF-32B binds and recruits PBAP to open chromatin, which
facilitates interaction with Sry-δ for gene activation.
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Chapter One: Genome Organization, Literature Review
1.1 Gene Expression and Epigenetic Control
A lot has been learned since the central dogma was introduced in the last century. The model
of the central dogma has been considered a fundamental biological law rooted in the molecular
information flow in all cells.
The central dogma was first introduced by Francis Crick in 1958 and it was published in
1970 [15]. The main idea is that genetic information is flowing from DNA to RNA and to protein.
Based on DNA double helix structure, transcription and translation machinery can extract genetic
information encoded and stored in the DNA template. (Figure 1.1)

Figure 1.1. Model of Central Dogma.
DNA replicates its template efficiently with the help of DNA polymerase. This phenomenal
process happens throughout our life. Considering the truth that nothing is perfect, including DNA
polymerase, DNA slowly and gradually accumulates errors during a lifetime. The error rate is
about 1 in 2.5 × 108 nucleotides per generation [4]. Fortunately, most of the errors can be fixed
in the DNA repair process. DNA repair enzymes can recognize and correct errors in DNA such
as replication mismatch, UV light or radiation damage causing DNA cross linkage, double strand
breaks, etc. However, if mutations cannot be fixed in time, oncogenes can be expressed out of
control and cancer will be the byproduct [109].
In transcription, a section of open reading region can serve as a template that generates a single
stranded RNA molecule by the action of RNA polymerase. This single stranded RNA molecule,
called messenger RNA, specifies the sequence of amino acids in a protein. This information of
mRNA will then be read by transfer RNA (tRNA), and a chain of peptide will be synthesized by the
ribosomal machinery.
However, there is more to the story of DNA to RNA to Protein. The central dogma is like
a two dimensional model. It has limitation to explain that all of the cells in our body have the
same genetic information, and yet they can have so many different functions. Especially during the
process when a fertilized zygote develops into a mature complex organism. In our body, different
organs have different functions, yet they share the same genetic information. How is the same
genetic information decoded differently in different tissues? That question triggered scientists to
add another dimension to the central dogma.
In order to understand the symphony of gene expression and how gene interactions influence an
organisms development, epigenetics has come forth. That is a branch of genetics to study mitotically
heritable changes in gene expression that occur without changes in DNA sequence.
1

Epigenetic mechanisms play a crucial role in the life cycle of an organism. One example is
genes encoding different proteins epigenetically active in certain tissues. Take hemoglobin and
myoglobin as an example. Although red blood cells in mammals does not have a nuclei, hemoglobin
genes are epigenetically active in RBC precursors to make hemoglobin to carry oxygen to the
body. And muscle cells only epigenetically activate myoglobin, and epigenetically silence the
hemoglobin genes. Now we know that they are expressed differently because epigenetic marks allow
the expression of restricted genes within each cell type during differentiation and development.
Another reason that makes epigenetics so mesmerizing is factors from genetics and the
environment can influence the interactions and expression of certain genes. One example is identical
twins. They are made from the same egg and same sperm, which means they are genetically
identical to each other, however, we can observe different appearances among identical twins. For
example, about 30% of twin pairs will be different in their measure of height. And sometimes a
twin pair both carry a disease gene but only one is afflicted. Therefore, under different environments
epigenetic modifications can be influenced.
In human, there are about 25,000 protein coding genes that combined are responsible for our
health; 14,500 protein coding genes in flies are responsible for building and maintaining their organs’
functions. Many of these proteins are very similar between human and flies, thus the study of the
genome and proteins in flies will teach us about their roles in human body [71]. Drosophila has
been intensively studied for development of the body plan and genetic control of behavior. It can
serve as a good model that can expand our knowledge of gene expression and epigenetic control.
1.1.1 Chromatin Hierarchy.
Eukaryotic cells are tightly compacted during mitosis to form chromatin. The basic unit for
chromatin is the nucleosome, which is around 146bp of DNA nucleotides that wrap around a histone
octamer. Histone octamer has N-terminal tails that attract chromatin modifiers that add epigenetic
markers to further regulate gene expression. The first level of packaging is DNA directly binds with
histone octamers. The second level of packaging is nucleosomes form a beads on a string model,
which can be condensed into the third level of packaging. The 30nm fiber formation depends on
histone H1. The fourth level of packaging is the 30nm fiber further condensed by attach to scaffold
proteins during interphase of cell cycle. The fifth stage of packaging happens during cell division.
In metaphase, chromosomes will be further packed by additional scaffold proteins. (Figure 1.2)
[112]
Most epigenetic marks of histone proteins reside on N-terminal tails since histone protein are
positively charged and bind with negatively charged DNA. The modification of its histone protein
can influence gene regulation. This influence are mainly caused by chromatin remodeling like
sliding the DNA through the nucleosome and make them accessible temporarily. [122]
Epigenetic modifications should be both reversible and inheritable. Those inheritable marks
determined cell fate during embryonic stem cells development. During the initial stage of embryonic
development, post translational modifications help to bring epigenetic marks to be associated with
condensed heterochromatin and it will further bring regulatory elements to their destined genomic
location. Those regulatory elements are most likely related to promoters and enhancers. This
together can cause chromatin remodeling and create loose region between nucleosomes. Promoters
2

Figure 1.2. Overview of the structure of genes and chromosomes. Modified
after [36].
are herald by low nucleosome concentrations compared to other genomic regions. [3] Therefore, it
create the space for regulatory elements to manipulate promoters and enhancers to further determine
cells fate. [37]
Histone protein have 5 different families, each of them contain their own variants. The H2A,
H2B, H3, H4, are the core histone proteins, while H1 and H5 are determined as linker histones.
Their post translational modifications mainly include acetylation, lysine and arginine methylation,
citrullination, phosphorylation, and ubiquitination [122]. These very important histone protein
marks can determine the “active" or “inactive" state of chromosome. H3 lysine 4 methylation and
H3 lysine 27 methylation are responsible for the two stages, respectively [9]. Therefore, many of
researches are focused to detect these two gene marks to determine chromosome stages [110].
There are several mechanisms to bring these epigenetic markers to histone proteins. Histone
acetyl transferases (HAT) and histone deacetylases (HDAC) work against each other to add and
remove acetyl groups from lysine residues in the histone tails. Acetylation is a more transient
regulation to activate a gene or keep them normal. However, methylation marks are more of a stable
marks in gene regulation. Therefore, methylation to histone N-terminal will most likely to attract
polycomb group protein to keep gene silenced [9].
In order to let epigenetic complex work efficiently, specific binding is crucially important.
Transcription machinery and zinc finger protein have been study for their purpose, however, their
role in direct epigenetic complex have their limitation. Additional studies show long noncoding
RNAs can help epigenetic complexes in cis or in trans to bind to their specific sites with high
specificity [67].

3

1.2 Chromatin Organization and Topological Associated Domains.
Eukaryotic genome is divided into two compartments, called A/B compartments. The A
compartment is associated with active euchromatin and the B compartment with inactive heterochromatin. [114]
Inside of different compartments, there are clustered sub-megabase domains called topological
associated domains(TADs). It has been discovered by chromosome conformation capture studies. It
includes 3C(chromosome conformation capture), 4C(circular chromosome conformation capture)
and Hi-C(high-throughput 3C). There are active TADs and inactive TADs. In between TAD domains
are the smaller inter-TAD domains. It can be easily detected during interphase, and shows highly
conservative structures among the same cell types in normal tissue. They can have dynamic changes
for the interTADs, but not the major TADs. Research has shown less than 10% overlap between
major TADs, consider the three dimensional environment TADs are in, it is unlikely they will
merge into each other. However, clear evidence has show the interTADs can merge and separate
dynamically. [107]
Other research has suggested that the architectural proteins proteins have played an important
role in maintain the TADs’ structure. After delete architectural proteins, TAD domains show a
drastic change of chromatin reorganization. Many TAD domains disappeared. The underlying
mechanism is the loss of epigenetic landmarks build by those architectural proteins. [115]
TADs depict regulation between different genes. On one hand, their borders constrain the
interactions between regulatory elements outside TADs and inside TADs. On the other hand, TAD
domains can help to promote gene expression within its own TAD. [47] Interactions within TAD
will be shown as peak in a square on a map of TAD. Those interactions and regulatory elements
further help to TAD further fold into compartments under the chromosome folding hierarchy. [47]
In Drosophila this formation of TADs is established in the beginning of zygotic genome
activation. Basically, there is a low level of chromatin organization associated with early stage
embryos, while later-stage embryos displayed a chromatin topology.(Figure 1.3.) Evidence from
Hi-C experiment shows the patterns of TADs, boundaries, and inter-TAD interactions gradually
become apparant during zygotic genome activation(ZGA).[47]
Similar to the experiment to delete architectural proteins, research in cancer cells shows distinct
features between normal cell TADs and cancer cell TADs from the same tissue. On a large scale,
these two have folded in a similar way. Cancer TADs resemble normal cell TADs on the boundary
of TADs. However, In cancer cells TADs are comparatively smaller than normal cells. It seems they
either lost long range interactions within the TAD domain, and the big TAD domain has break into
numerous smaller domains, [108](Figure 1.4.) or lost control of boundary elements that result in
these broken subdomains.
Not only in cancer cells, almost all the disease phenotypes caused by genomic deletions
potentially involve disrupt of boundary elements and topological domain functions [108]. Therefore,
it is crucial to study the behavior of regulatory elements like enhancers or boundary elements and
their influence on TAD formation and gene regulation.

4

Figure 1.3. Chromatin Architecture Is Established during Zygotic Genome
Activation. From nc8 to nc14, the patterns of TADs interaction is gradually
established. A graph shows the time points of embryo collection for Hi-C
experiments. B graph shows a probability maps of chromatin interactions.
C graph is the log2 fold change of interaction probabilities correspond to
graph B. D graph represent the images of fly embryos used in this experiment.
Figure modified from [47]

5

Figure 1.4. Chromatin interaction heat maps from normal
cells and two different cancer cell lines. In normal cells, major
TAD domain group interactions within its domain, while
in cancer cells, large domains break into multiple smaller
domains. Figure modified from [108]
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1.3 Phase Separation and Transcriptional Control
There are questions left for the traditional model of transcriptional control that hard to explain.
For example, there are evidence that one enhancers can simultaneously activate multiple genes.
With the development of Hi-C techniques and three dimensional fluorescent in-situ hybridization
experiments that focused on TADs, more evidence has shown the repressed TADs can form single
discrete nano-compartments, and the active TADs can form multiple nano-compartments within its
domain. (Figure 1.5)[107]

Figure 1.5. Single cell analysis of haploid chromosome reveals consistent TAD-based chromatin compartmentalization.
[107]
In this study, it has described two repressed TADs flanked of an active TADs region. By
measuring intra-TAD(probe 1-2) versus inter-TAD(probe 2-3) 3D distances, it revealed the distances
of intra-TAD are significantly shorter than inter-TADs. Most importantly, it’s consistent also in
the number of formed compartment. TAD1 and TAD2 detected one nano-compartment in the
majority of cells, whereas most probes that spanning the TADs were detected with two or more
nano-compartments [107]. It is worth mention that sometime the interTAD distance smaller than
the intraTAD distance, it is not because of the merge of two TAD domains, it is because the
three dimensional position makes them closer to each other. But the interTAD regions are more
7

dynamically changing and merge possibly caused they are more active region and associate with
transcription factory and further cause phase separation. This result provided evidence for the
physical compartmentalization of chromatin into TADs. Since boundary elements are located in the
interTAD domains, it is likely the boundary elements that located in the active TADs can influence
gene regulation in a positive way.
The dynamic activity during the interTAD domains let people rethink the model of transcriptional control. In the study of enhancers, we often find transcription factors interact weakly by
themself, they need to work with their cofactors to exert their activity. Therefore, the idea of cooperative bindings of transcriptional control has initiated, which means the binding of one transcription
factor(TF) molecule to DNA can impact the binding of additional transcription factors. Evidence
shown the binding of TFs can introduce DNA bending, recruit other TFs and cofactors binding to
the complexes. Since this behavior normally observed in front of promoters, so a model has been
proposed that the form of this complex can regulate gene activity in an efficient way. [99] (Figure
1.6)

Figure 1.6. Models and features of cooperativity in transcriptional control.
Super-Enhancers model is proposed.
The interactions between promoters and enhancers are predominantly limited within their
own TAD domains. So the TAD borders can help to restrict promiscuous interactions. Within
TAD boundaries, research has found hundreds of enhancers are clustered to regulate gene activity.
This cluster has been called super enhancers(SE).[43] Within a SE, there are multiple transcription
factors, cofactors and chromatin regulators, RNA polymerase II, and non-coding RNAs. [43] There
are further evidence shown SEs are usually located close with one another and near the promoter
region. [43] This is another evidence that SEs may play important roles in gene regulation.
Cellular bodies have been found in eukaryotic cells. Normally, they are membraneless or8

ganelles, which play essential roles in compartmentalizing essential biochemical reactions within
cells. Such organelles also existed in nucleoli functions for rRNA biogenesis; cajal bodies for small
nuclear RNP’s assembly; nuclear speckles or splicing speckles were sites for mRNA splicing factor
storage and modification.[29] These membraneless organelles can merge and split from each other,
also called liquid-liquid phase separation. [99] Studies has shown proteins and nucleic acid can
form phase separated cellular bodies when they are gathered in high density. [43] In this case, super
enhancers can be considered as in a phase separated cellular bodies. Within this membraneless
cellular body, a group of TFs, co-factors, and RNAs can going through a cross-link connection,
which include reversible chemical modification and other interactions between them. [43] However,
phase separated cellular bodies can be sensitive to its environmental changes. When a key factor
that exceeds a threshold in this ensemble, SE’s activity can change drastically or even disassociate.
[43] After formed phase separated body, the SEs can drive weak enhancers bursting in a higher
frequency to regulate promoter.[53] Within a certain threshold, the transcriptional bursting can be in
a relatively constant high transcription activity. (Figure 1.7) [27]

Figure 1.7. Model of synchronous activation of two
gene promoters by a shared enhancer.
Other observations include two promoters can exhibit synchronous transcription bursting by
the same enhancer also corroborated the model of phase separation [27][53] [43].
Currently there are several mechanisms of forming phase separation. They include the association of heterochromatin to nuclear lamina, chromatin with similar properties attend to accumulate
together, higher mobility of active chromatin tend to cluster together, transcription machinery related
association in euchromatin.
However, the leading theories could be concluded as below.
9

• Heterochromatin Interaction form Phase Separation.
Since it is difficult to study intra-chromatin and chromatin lamina interactions in normal
nuclei, many researches have focused on the study of inverted nuclei of rods cells in nocturnal
mammals.
The inverted nuclei lacks proteins that tethering heterochromatin to the lamina. By this
way, we can study chromatin organization without the interference of lamina domain. The
inverted architecture of nuclei has a dense heterochromatic core in the center and a thin layer
of euchromatin at outer region. This inverted architecture converts rod cell nuclei into a
micro lenses to enhance night vision for nocturnal mammals. However, in normal nuclei,
euchromatin is located in the center of nuclear interior region and heterochromatin located at
the periphery region [24].
After combining Hi-C analysis of inverted rod nuclei with microscopy and polymer simulations, it has shown that heterochromatic regions has strongest attraction within each other and
play a crucial role to establish phase separation [24].
By comparing inverted nuclei with conventional nuclei, it also shows the interaction between
chromatin and lamina can help to establish conventional nuclear architecture by forming
segregated phases [24].
• Phosphorylation of CTD Induce Phase Separation.
Phase separation is symboled as clusters of memberless compartments in cells as nuclear
speckles, cajal bodies, and p granules as liquid- liquid separated domains [72].
During the process of transcription, RNA polymerase II locate in front of active genes and
forms clusters through its carboxy terminal domain(CTD) [8].
CTD is a low complexity domain and important for the synthesis of pre-mRNA. Traditionally,
it binds with transcriptional cofactors that facilitate transcription and histone modification. It
has been shown that CTD also important for the clustering of Pol II in front of TSS [8].
This clustering also considered as phase separation, and initiate by the weak and multivalent
interactions of CTD itself [8]. Clustering of Pol II near promoters can locally accumulate the
Pol II concentration and enabling high rate of transcription that lead to enhancer burst.
CTD can be phosphorylated by the TFIIH kinase CDK7. The unphosphorylated form of
CTD-CTD interaction can help Pol II clustering, this separated phase of Pol II can then be
recruited by regulatory elements that already bind on genome as enhancers [8].
The research suggest the phosphorylation of CTD can disrupt CTD-CTD interactions and
allow CTD to start forming new interactions with specific transcription factors. This phosphorylation of CTD further dissociate Pol II from the hub and begin the elongation stage of
transcription [8].
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1.4 Regulatory Elements and Core Promoters
1.4.1 Regulatory Elements.
Regulatory elements are proteins that bind to DNA and play important role in gene regulation
during development and maintaining cell functions. Traditionally, there are activating regulatory
elements that include promoters and enhancers [2], and inactivating regulatory elements that include
insulators and silencers.
• Promoter
Promoter binds with transcription factors and initiate transcription. Enhancers work like
a bonus to amplify transcription initiation. However, recent studies have blurred their
differences. Evidence have shown similarity between promoters and enhancers in that
cases promoters with enhancers activity and enhancers can drive transcription initiation by
themselves. However, structurally, they have distinct differences.[2]
There are a lot of research for promoters that focused on RNA polymerase II transcription
start sites(TSS), which is the first transcribed nucleotide at the initiation of a transcription.
General transcription factors(GTFs) are responsible for binding TSS. This binding specificity
to GTFs reside in the sequence of within 100 base pair(bp) region around TSS, and this region
also called “core promoters".
Traditionally, core promoters have been categorized in focused and dispersed. The focused
core promoters initiate transcription at a specific nucleotide or within a narrow region of
several nucleotides. The dispersed core promoters start transcription at multiple weak start
sites, those sites are normally located near 100bp around TSS. However, this model is over
simplified. For example, there are many cases of a promoter have multiple dispersed start
sites and one specific strong start site. Therefore, this model is over simplified and demand to
be improved.
With the development of sequencing techniques, It has been found that core promoters have
their preference to bind with TFs and enhancers. Based on ubiquitous of a gene’s expression,
it can be clustered as housekeeping genes and developmental genes and correspondingly the
housekeeping core promoters(hkCP), enhancers and developmental core promoters(dCP),
enhancers. [12][14]
In most cases, the hkcp share their enhancers, while dcp less likely to share their enhancers. In
a STARR-seq(self-transcribing active regulatory region sequencing) experiment to different
cell types, with around 5,000 genes, 69% of hkcp enhancers are shared among them, while
only 15% of dcp enhancers are shared between dcp.
Other than the likelihood of sharing enhancers, the ubiquitous of their expression also plays
a key role in define these two core promoters. Generally speaking, hkcp are active across
different cell types, which means more ubiquitous; while dcp showing strong cell type
specificity. [14]
The third difference is their binding partners. TSSs near dcp enhancers were enriched in
TATA box, which is recognized by TATA-binding protein(TBP); initiator(Inr), motif ten
11

element(MTE) and downstream promoter element(DPE) motifs. While TSSs near hkcp
enhancers were enriched in Ohler motifs 1, 5,6,7; DNA replication related element(DRE)
and TCT(polypyrimidine Inr). The difference can be observed through sequencing cluster in
Figure 1.8. [81][124]

Figure 1.8. housekeeping and developmental core promoters have different binding components.
• Insulator.
Insulators are regulatory elements and work as epigenetic marks on genes. It can functions
both in regulating gene expression and also participate in global chromosome organization.
Traditionally, it has two functions. The first is the enhancer blocking model, which is to
prevent the communication between enhancer and promoter when it has been located in
between these two. The second is the barrier model, which is to prevent the spreading of
heterochromatin. (Figure 1.9.)[11]

Figure 1.9. Traditional functions for insulator.
For the enhancer blocking model, in order to inhibit the communication effectively, insulators
can further recruit other cofactors and repressors like polycomb group proteins to further
repress the interaction within the region.[68] For the barrier function of insulator, other than
prevent the spreading of heterochromatin, it can protect reporter genes from positional effect,
which can provide a stable environment for gene expression. This function was defined
by finding insulators located in nucleosome free region. [80] It has been observed that the
depletion of an insulator dCTCF results in a small change in H3K27me3 spreading. Although
there are also additional architectural proteins like BEAF-32B are present at chromatin barriers
and may compensate for the loss of CTCF-dependent barrier functions. [80] However, there
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are still questions of insulator binding to nucleosome free region(NFR), maybe there are other
functions are behind the scene.
Other research suggested that the insulator acts as a trap in the NFR to bind the enhancer
and thereby precludes its complexation with a downstream promoter.[45] One interesting
point in this research is insulators share many features with promoters. There are also other
models, which are based on the fact that insulators are capable of interacting with each other
to organize the genome in topologically closed domains. It is clear now that insulators are
related to active rather than passive elements. [48]
The Barrier function is also crucial to TAD organization. The above research of delete CTCF
further discovered the mutation of CTCF binding site not only removes the barrier, but also
shifted the entire TAD domain to the next TAD. [80] Therefore the barrier function can be
extended to restrict TAD boundary function.
1.5 BEAF and Zygotic Genome Activation
1.5.1 The Discovery of BEAF.
Boundary Element Associated Factor(BEAF) was first identified through a specialized chromatin structure called scs and scs’. The scs or scs’ element contain a nuclease resistant core and
topoisomerase II cleavage site and flanked by two nuclease hypersensitive sites. This structure
suggested they are boundary elements of the 87A domain. (Figure 1.10)[127]
The 87A region is a 15kb DNA contains a pair of heat shock protein 70 genes divergently on
the third chromosome. During normal condition, this 87A region contain acetylated histone H3
and H4, which indicates it is transcriptional activated. During heat shock period, this region going
through a transcription burst to produce hsp70 protein and form a unique structure as a puff. [61]
There are two proteins have identified in this region. One is zinc finger protein Zeste-white 5(Zw5)
that bind with scs, the other is the boundary element-associated factor (BEAF) proteins bind scs’.
BEAF has raised attention for their ability in limiting the spread of open and closed chromatin
states. Also, they can insulate a reporter gene when it inserted adjacently. Therefore, it could
provide a stable environment and reduce positional effect of expression. It fits the barrier model for
insulator, therefore it has been considered as an insulator element. [127]
The identification of BEAF was focused on scs’ region. After cloned the scs’ core into five
overlapping fragments of less than 200bp DNA section, a gel shifting experiment was performed.
The gel shift experiment has identified the shift of BEAF binding from the D fragment of scs’.
(Figure 1.11)
In this gel shifting experiment, two major DNA binding shifts with crude Drosophila KC
nuclear extracts was observed. The BEAF binding was detected in the D sub-fragment. Therefore,
the BEAF complex is specific for the D probe, and later it’s been named as D fragment. (Figure
1.11.)
The BEAF DNA target sequences were identified by using footprint techniques. After performed foot printing experiments, BEAF DNA target sequences were identified. The identified
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Figure 1.10. The location of scs-scs’ in the region 87 of the Drosophila
polytene chromosomes. The locations of scs (white box) and scs (gray box)
are shown. The black rectangle in the picture indicate Zw5 binding site.
Arrowheads indicate the CGATA motifs, the arrow showing the direction of
motif CGATA. Low affinity and high affinity indicate the how strong they
bind with BEAF protein. V, R, B depicts restriction sites of PvuII, EcoRI,
BamHI respectively. Figure modified from [61]

Figure 1.11. The location of scs-scs’ and gel shift of D probe
that identified BEAF binding.Figure modified from [127]
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sequence contains and inverted repeat of the sequence CGATA separated by one base pair, and an
additional copy of the CGATA sequence. It has been tested the there is a dose dependent increase
in BEAF binding with this sequence, and three tandem repeat much stronger than one copy of it.
And a mutation of the palindromic CGATA sequences to CTCGA(mD) caused 2.3 fold reduce of
binding strength.(Figure 1.12)[40]

Figure 1.12. Footprint and Interference Analysis of BEAF
Binding to the scs’ D Sub-fragment. Figure modified from
[40]
G stand for G reaction size standards, to map the G in the
sequence. When there is no BEAF, the area is huge band,
but when BEAF is presented, the band either decreased or
disappeared. This indicated the binding region of BEAF.
After sequencing, They obtained the binding sequence of
BEAF, which is CGATA.
BEAF-32A was first identified through a cDNA cloning. However, additional footprints find
BEAF and BEAF-32A have different DNA binding specificities. Therefore, this discrepancy led
people to screen for another cDNA encoding protein from BEAF. The second cloning of a cDNA
encodes a BEAF-32B with a similar DNA binding specificity to the original BEAF. (Figure 1.13.)
After the experiment, the structure of BEAF has been concluded as four regions. 1. the
N-terminal domain is responsible for DNA binding, and it is different for the two isomers. 2. The
middle region is very conservative, and reported to be phosphorylated, and O-GlcNAcylated. The
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Figure 1.13. The interactions of BEAF and 32B shows similar binding
patterns but different from 32A indicated by DNase I footprints. Figure
modified from [40]
It shows the cDNA clone 32A has different binding sites with BEAF. especially around the 369-387 region. BEAF is binding but not 32A. In the
region 400-417, 32A binds but not BEAF. This let researchers to do another
cDNA clone and find 32B. It has the same binding sites as BEAF and the
responsible region is located the N terminal 80 amino acid.
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phosphorelated form is cause a doublet in the purified gel. 3. Leucine Zipper domain is responsible
for binding DNA and other proteins. 4. BESS domain in the C-terminal mediates the BEAF-BEAF
interaction.
The two isoforms are produced from the same gene by alternative promoters. (Figure 1.14)
Because of this two isoforms have different BED domain, they bind with different DNA and perform
different functions in vivo.(Figure 1.15.)

Figure 1.14. Map of the BEAF gene. Note the unique 5’ exons and the
shared 3’ exon for BEAF-32A and BEAF-32B come from the same gene but
different splice form.

Figure 1.15. BEAF-32A and 32B only different in their N-terminal that
contains BED finger.LZ: Leucine-zipper domain. BESS: BESS domain.

1.5.2 BEAF’s function.
BEAF located close to TSS.
In order to characterize the BEAF-32B binding location on a genome wide scale. A chromatin
immunoprecipitation was performed, and followed up by a hybridization of isolated DNA fragment
on a genome tilting arrays, which is a type of microarray chips. After the chip-chip analysis, it
has been found that more than 85% of the centers of BEAF peaks are located within 300 bp of
annotated transcription start sites (TSSs). (Figure 1.16.) [48]
Quantitative reverse transcription-PCR was followed up and result indicate most BEAFassociated genes are transcriptionally active and highly expressed in diverse genes. When BEAF
was knocked out, most of the associated gene’s transcription level dropped. This indicate BEAF
plays a role in keeping those associated promoters active for transcription(Figure 1.17)[48].
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Figure 1.16. BEAF peaks are near TSSs. Chip-chip data
shows there are more than 85% of the BEAF peaks located
within 300 bp of annotated TSSs. Figure modified from [48]

Figure 1.17. BEAF is associated with active genes. Most
of the BEAF associated genes have a higher percentage of
association with active Pol II, paused Pol II,H3K4me2, H3.3,
NELF, and GAF. Figure modified from [48]
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There are two prominent features associated with active genes, which are the histone H3K4
methylation, and replacement of H3 with the alternative histone H3.3 in nucleosomes in transcribed
sequences. Further evidence shown that 85% of the genes associated with BEAF have H3K4me2
in their promoter regions and 88% have H3.3 in their promoter and/or transcribed regions.[48]
Therefore, these evidence link BEAF-32B to active genes.
BEAF and embryo development.
During drosophila embryogenesis, pioneering factors are required to bind with genome and
remodel the zygotic transcriptome.[74] Transcription initiate around the eighth nuclear cycle(nc8),
another wave of zygotic genome activation is at cycle 14(nc14), with hundreds of genes start to
burst expression.[47]
Pioneer factors can bind to nucleosomes during the intervening S phase. [47] This binding let
pioneer factors rapidly establish nucleosome free regions for other factors to bind, and BEAF-32B
is among them. (Figure 1.18)[38]

Figure 1.18. Sequence enrichment analysis at open chromatin regions at boundaries
shows BEAF-32 was detected at nuclear cycle 13 during embryo development.
Figure modified from [47].
Evidence has shown that BEAF-32B is bound with DNA during the NC13, but it left DNA
region after its early binding [47]. Unpublished data from out lab also suggest BEAF cannot
bind with nucleosome. So it is hypothesized that pioneer factors like zelda binding and regulating
developmental genes and BEAF binding and regulating those housekeeping genes.
BEAF and X chromosome morphology.
In order to better understanding the functions of BEAF in vivo, BEAF knockout flies was
studied. Since insulator can influence chromatin structure through its barrier function, the hypothesis
is the lack of BEAF could shown difference of gene organization between normal cells and BEAF
knockout cells. After established the fly line, the male polytene X chromosome was studied.
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A defect of X chromosome structure was observed from the BEAF AB−KO males. In normal
polytene chromosome, there are long stretched banding patterns. However, the BEAF AB−KO
polytene does not showing banding patterns, and the entire chromosome appeared shorter. (Figure
1.19) [96]
However, after restore a GFP fused BEAF into the fly, the normal x chromosome morphology
was observed. This is the evidence that BEAF can influence chromosome structure.

Figure 1.19. BEAF mutation perturb male X chromosome
morphology. Figure modified from [95]

BEAF and DREF
The DNA replication-related element-binding factor (DREF) is a BED finger-type transcription
factor that binds with sequence(5-TATCGATA). BEAF is binding to sequence (5’- CGATA).
It is worth to note that BED-finger can influence higher order DNA structures by binding
to repetitive sequences with their target sites. [44] Since they both contain a BED type zinc
finger(BED-finger), there is a potential conflict of binding between BEAF and DREF.
The function of DREF has link to regulation of tumor suppressor pathways that involve p53
pathway and Hippo pathway. The promoter of p53 contains three its binding sequences. When
DREF binds to it, it can positively regulate p53 pathway. Evidence shown that the knockdown of
DREF can decrease p53 levels and p53 promoter activity both in vivo and in vitro.[113]
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The Hippo pathway can regulate cell proliferation, death, and differentiation in Drosophila.
Since DREF has functions in the Hippo pathway, it can control not only cell proliferation, but also
tumorigenesis through the balance of tumor suppressors and oncogenes. [113]
BEAF and Drosophila ovary development.
In the same research of BEAF AB−KO flies, there is a defect detected from the ovary development. The normal egg chamber development of oogenesis with 16 inter connected germline
cells covered by a layer of somatic follicle cells. It will further develop to 15 nurse cells with
large polyploid nuclei and one oocyte. At stage 8, oocyte size dramatically increases due to the
accumulation of yolk and nurse cell contents.
However, after obtained a knock out mutation of the BEAF gene, it has found BEAF AB−KO
females had low fertility. [95] Besides, although the number of ovarioles in each ovary did not show
much different between the knock out and wild type females, they are much smaller. The smaller
ovarioles could be caused by lack of mature oocytes in the mutant females compared to mature
oocyte in wild type females[95].
Also at the stage of 8 and later, many mutant phenotypes was detected with too many nurse cell
nuclei. This defect could be the extra round of cell division or the fusion of two egg chambers.(Figure
1.20)
Therefore, BEAF is important for oogenesis, particularly at the stages when oocyte size
dramatically increases by the accumulation of yolk and nurse cell contents.
1.6 Research Objectives
The main goals of my work related to gene regulation control and it specifies to the boundary
elements. We have previously found BEAF-32B in our lab, and further evidence link this boundary
element to transcription start site. Since BEAF is well known for it’s property as an insulator,
and their contribution in genome organization. Therefore, my first goal is to design experiment to
address the relationship between BEAF-32B and transcription regulation. My second goal is to
follow the whole genome library screen result and trying to understand the correlation of BEAF
interacting proteins and further characterize BEAF-32B’s function.
In Chapter two, I report the finding that BEAF-32B can interact with transcription factor and
mediate long range communication between promoter and transcription factor. Second, I further
address the fact that BEAF-32B has its preferred promoter types. This link to the different core
promoter theory, and we find evidence that BEAF-32B prefer to work with housekeeping promoter
and can directly activate two different housekeeping core promoter.
In Chapter three, I followed up the global screen of BEAF interacting proteins. In this list, we
are specifically interested in the nuclear protein category. Therefore, we focused on Drosophila
Polybromo and designed constructs of different combination of the bromodomains of polybromo
and eventually characterized the specific bromodomain combination interact with specific region of
BEAF-32B.
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Figure 1.20. BEAF is required for oogenesis. Figure modified
from [95]

22

Altogether, results from my work present a novel function of BEAF that can work as a promoter
and help to maintain genomic structures to regulate gene expression. With further evidence of
polybromo’s interaction, I provide a model for BEAF’s mechanism and its interacting proteins work
together to regulate gene expression. Finally, I discuss some potential future directions that can be
derived from this project.

23

Chapter Two: Transcriptional Effects of BEAF Insulator Proteins
2.1 Introduction
Eukaryotic genome is organized into topologically distinct domains. These domains contain
regulatory elements for gene expression. Chromatin domain insulator binding proteins are one
of those regulatory elements and thought to link nuclear architecture to gene regulation. There
is evidence they can separate topologically associating domains (TADs), and can either block
or facilitate enhancer-promoter communication depending on context [13][1]. The main known
insulator binding protein in vertebrates is CTCF, often found with the accessory protein complex
Cohesin [6][97]. CTCF usually binds in intergenic regions and introns [58]. Pairwise mapping of
chromatin interactions by Hi-C has found that many CTCF sites are found at TAD boundaries, with
convergently-oriented motifs at opposite boundaries interacting to form loop domains [92]. While
this contributes to nuclear architecture, it should be noted that CTCF also localizes within TADs,
and not all TAD boundaries are associated with CTCF. Nonetheless, TADs play a role in gene
regulation and CTCF plays a role in establishing or maintaining many TAD boundaries [35][73].
In contrast, many DNA sequence-specific binding proteins have been identified as insulator
proteins for the gene-dense genome of Drosophila melanogaster ([86] and references therein). The
Drosophila homolog of CTCF (dCTCF) does not pair to form loop domains, and is not preferentially
found at TAD boundaries [94]. Further, the various insulator binding proteins differ from each
other with respect to their localization relative to genes. As examples, roughly 85% of BEAF
peaks [49], 35% of dCTCF peaks [10], 30% of GAGA factor (GAF) peaks [64], 25% of Zw5 peaks
(modENCODE 3303 and 3304), and 5% of Su(Hw) peaks [10] are within 300 bp of a transcription
start site (TSS). This suggests that there are differences in molecular mechanisms between vertebrate
and insect insulator binding proteins, as well as differences between the various Drosophila proteins.
Our focus is on the Boundary Element-Associated Factor of 32 kDa, BEAF, as a model insulator
binding protein. BEAF was discovered based on its binding to the Drosophila scs’ insulator [127].
Other BEAF binding sites have subsequently been shown to be associated with insulator activity,
supporting the idea that it plays a role in insulator function [19][18][106]. Yet genome-wide
mapping of BEAF binding found that it is normally found within a few hundred base pairs of
transcription start sites [10][49][80][68]. It is unclear if BEAF is primarily an insulator protein or a
promoter factor, or if these two functions are somehow linked.
Molecular mechanisms by which insulator binding proteins function are generally unclear. To
gain insight into BEAF function, we screened for physical interactions with other proteins. We
identified three transcription factors that interact with BEAF: Bcd, Scr and Sry-δ. This suggested that
one function of BEAF could be to facilitate enhancer-promoter looping with specific transcription
factors. Here we characterize the interaction between BEAF and the transcription factors. We find
that the interaction with Sry-δ is most robust, and show that gene activation by distantly bound
Sry-δ is facilitated by promoter-proximal BEAF. There are differences between developmental
and housekeeping promoters [123]. We previously reported that BEAF is usually found near
housekeeping promoters [49][102]. In the course of these experiments, we found that promoter-
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proximal BEAF can activate a housekeeping promoter on its own, but does not have this effect
on a developmental promoter. These are two novel functions for an insulator binding protein. We
discuss our results in terms of a possible roles of BEAF at hundreds of housekeeping promoters in
Drosophila.
2.2 Materials and Methods
2.2.1 Plasmid Construction
Yeast 2-Hybrid (Y2H)
All cDNAs were PCR amplified using appropriate primers and fused in-frame as EcoRI-SalI
restriction fragments on the 3 side of sequences encoding the GAL4-AD in pOAD.
Sources of the cDNAs are given in Table 2.1. The AbdB cDNA had a 1 bp deletion in the
middle of the homeodomain coding sequences, which was corrected by QuikChange mutagenesis
(Stratagene). BEAF-32B full length and parts were similarly fused to the GAL4-BD in pOBD2.
Gibson Assembly (New England Biolabs) was used to insert sequences encoding the N-half or
C-half of Abd-B, Bcd, Scr and Sry-δ into the EcoRI site of pOAD. All plasmids were confirmed by
sequencing. The GAL4-AD Y2H library was from Clontech, made using pGADT7 using equal
quantities of Drosophila melanogaster polyA RNA isolated from 20 hour embryos, larva, and adults.
Co-Immunoprecipitation
Sequences encoding the 4 transcription factors or their N-terminal or C-terminal halves were
PCR amplified such that each had an N-terminal Myc epitope tag. PCR products were cloned into a
pET3 expression vector through Gibson Assembly, using a unique KpnI site in the plasmid. The
Sry-δ gene lacks introns, so the coding sequence was directly PCR amplified from genomic DNA.
Construction of a pET plasmid encoding N-terminally FLAG epitope-tagged 32B was previously
described [5]. All plasmids were confirmed by sequencing.
Bimolecular fluorescence complementation
Plasmids using modified genomic BEAF sequences so expression from endogenous BEAF
promoters leads to the production of 32B-mRFP or 32B-delBESS-mRFP (deletion of the BESS
domain) have been described [96][5].
Fluorescent protein coding sequences were excised with KpnI and NotI and replaced by Gibson
assembly with PCR-amplified coding sequences of the Venus yellow fluorescent protein from the
pTWV Drosophila gateway vector, incorporating a 7 amino acid spacer (GTRSAIT) between BEAF
and Venus sequences. Amino acids 1-173 were used for the N-terminal part of Venus (nV) and
amino acids 155-239 were used for the C-terminal part (cV) [46] to make plasmids capable of
producing 32B-nV, 32B-cV and 32B-delBESS-cV proteins in Drosophila cells.
For the transcription factors, Gibson assembly was used to modify the Act5C promoter plasmids

25

Table 2.1. Proteins tested in Y2H assays for interactions with BEAF. cDNA sources are Drosophila
Genomics Resource Center clone IDs except: A: W McGinnis (1988 Cell 55:477); B: EN Olson
(2004 PNAS 101:12567); C: DL Cribbs (1997 Mech Dev 62:51); D: DJ Andrew (1993 Development
118:339); E: C Rushlow (1987 Genes Dev 1:1268); F: DS Gilmour (2008 MCB 28:3290); CMH:
1999 Chromosoma 108:375.
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described above with cV sequences. C-terminal cV fusions were done as described above for VP16
activation domain tagging. For N-terminal fusion of cV to AbdB and Bcd, assembly was done at a
BamHI site next to the transcription factor start codon with an 8 amino acid spacer (HRSTGTSK).
Luciferase
Renilla luciferase (from pGL4.70; Promega) and transcription factor coding sequences were
PCR amplified and cloned by Gibson assembly into the BamHI site of pPac, which is located
between a 2.6 kb Act5C promoter fragment and a 1.2 kb Act5C polyadenylation fragment in pUC18
[59].
VP16 activation domain coding sequences were PCR amplified (from DD594; kind gift of D.
Donze) and fused at the carboxy end of the transcription factors by Gibson assembly using BstEII
for AbdB (8 C-terminal amino acids of AbdB were removed); SacII for Bcd (10 C-terminal amino
acids of Bcd were removed); EcoRV for Scr (11 C-terminal amino acids of Scr were removed);
and DraIII for Sry-δ (4 C-terminal amino acids of Sry-δ were removed). Fusions of Bcd-VP16 or
Scr-VP16 to the carboxy end of AbdB were done in the same way.
Looping test plasmids were built in pBSKS- (Stratagene). A PCR-amplified 225 bp SV40
polyadenylation region from pEGFP-N3 (Clontech) was inserted into the XbaI and SacI sites, followed by insertion of PCR-amplified firefly luciferase coding sequences from pGEM-luc (Promega)
into the HindIII and BamHI sites. Gene blocks (IDT) with a 43 bp wild-type or mutant BEAF
binding site from scs [127] connected to a minimal -69 to +71 y promoter [76] [75]or -33 to +67
RpS12 promoter [123] were then inserted into the SalI and HindIII sites. Finally, a 2.3 kb lambda
phage HindIII fragment was PCR amplified with or without 4 tandem transcription factor binding
sites on the 5 or 3 end and inserted into the SalI site by Gibson assembly. The following sequences
were used for the 4 tandem binding sites, with the binding sites underlined:
AbdB:
AGATCTACGTTTATGAC GGTCATAGTAGTAAACG TTTATGAC GGTCATAGTAGTAAACG
TTTATGAC GGTCATAGTAGTAAACG TTTATGAC GAAGATCT [84];
Bcd: AGATCTACTCTAATCC CGGTCATAGTAGTAAACTC TAATCC CGGTCATAGTAGTAAACTC TAATCC CGGTCATAGTAGTAAACTCTAATCC CGGAGATCT [84];
Scr: AGATCTCCG TTAATGA TGGTCATAGTAGTAAACG TTAATGA TGGTCATAGTAGTAAACG TTAATGA TGGTCATAGTAGTAAACG TTAATGA TGAAGATCT [84];
Sry-δ : AGATCTTC GCGCGTATTAGAGATGGAAA CGATC GCGCGTATTAGAGATGGAAA
CGATC GCGCGTATTAGAGATGGAAA CGATC GCGCGTATTAGAGATGGAAA CCAAGATCT
[89][60].
The BEAF binding site used is near the aurA TSS in scs. To test the effects of the BEAF
binding site on aurA promoter function, a 215 bp scs fragment with or without the BEAF binding
site mutated [19] was inserted into the firefly luciferase-SV40 polyadenylation plasmid.
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2.2.2 Yeast 2-Hybrid
Y2H assays were carried out using standard methods, as previously described [5]. Yeast
strain Y2H-Gold (Clontech) or DDY2937 (MATα; trp1-901; leu2-3, 112; ura3-52; his3∆200;
gal4∆; gal80∆; LYS2::GAL1-HIS3; GAL2-ADE2; met2::GAL7-lacZ; kind gift of D. Donze) was
transformed by the lithium acetate method with plasmids derived from pOAD and pOBD2 and
plated on media lacking tryptophan and leucine (2-drop, selects for plasmids). After 3-5 days
of growth at 30◦ C, individual colonies were patched onto 2-drop and 4-drop (lacking tryptophan,
leucine, adenine and histidine; selects for reporter gene expression) plates.
Colonies of interest were grown in liquid 2-drop medium for 2 days and diluted to an OD600
of 0.1. Four 5-fold serial dilutions were made in a 96 well plate and 5 µl from each well was spotted
onto 2-drop and 4-drop plates. Growth was compared after 2-3 days.
Library screening was done using the mate-and-plate method as described by the manufacturer
(Clontech). The GAL4-AD plasmid library was in the Y187 yeast strain (MATα), and the GAL4BD-BEAF-32B plasmid was in Y2H-Gold (MATa). Mated cells were plated on media containing
X-α-Gal and Aureobasidin and lacking Trp and Leu. Blue colonies were picked onto similar plates
additionally lacking His and Ade. Blue colonies from these plates had their inserts PCR amplified
and sequenced. Over 2.5x106 mated yeast were screened.
2.2.3 Pull-Down Assay
Proteins were expressed in E. coli strain BL21, pLysS by growth at 25◦ C for 24 hours in
autoinduction medium ZYM-5052 (1% N-Z-amine, 0.5% yeast extract, 2 mM MgSO4, 25 mM
Na2HPO4, 25 mM KH2PO4, 50 mM NH4Cl, 5 mM Na2SO4, 0.5% glycerol, 0.05% glucose, 0.2%
lactose, 100 mg/l ampicillin, 34 mg/l chloramphenicol), and protein extracts were prepared by
standard methods (Studier et al. 1990; Studier 2005).
Extracts containing Myc-tagged transcription factors and FLAG-tagged 32B were mixed and
immunoprecipitated using anti-FLAG M2 beads (Sigma-Aldrich), followed by protein detection
on Western blots using anti-Myc (Santa Cruz Biotechnology) or anti-BEAF antibodies [127], as
previously described [5].
2.2.4 Genetic Interaction Assay
Genetic interaction between BEAF and Sry-δ was tested using the rough-eye assay that
was previously used to show genetic interactions between BEAF and Bcd, Scr and Abd-B [96].
This assay uses a GAL4-inducible, dominant-negative BEAF transgene called BID for BEAF
self-Interaction Domain [31].
The mutant Sry − δ SF 2 , kindly provide by A. Vincent [16], and 2 UAS-RNAi stocks (VDRC
102786 and 41094) were tested. Both UAS-RNAi lines gave a rough-eye phenotype when heterozygous with ey-GAL4 (BDSC 5535) in the absence of UAS-BID, so were not used further.
Briefly, ey-GAL4/CyO; UAS-BID flies were crossed to Sry − δ SF 2/T M 3 flies. Both ey-GAL4/+;
UAS-BID/Sry − δ SF 2 and, as a negative control, CyO/+; UAS-BID/Sry − δ SF 2 flies were collected,
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processed and photographed using a JEOL JSM-6610 LV scanning electron microscope at 10kV
under high vacuum as previously described [96].
2.2.5 Bimolecular Fluorescence Complementation (biFC) assay
Drosophila S2 cells were grown at 25◦ C in Shields and Sang M3 medium (M3; Sigma S8398)
with 10% fetal bovine serum (FBS; Gibco) and antibiotic/antimycotic (anti/anti; 100 u/ml penicillin,
0.1 mg/ml streptomycin, 250 ng/ml Amphotericin B; Gibco) from 5x105 to 107 cells/ml.
For transfection, 1.5x106 cells in 1 ml medium were grown per well in a 24-well plate for
24 hours. Cells were washed with serum-free medium and transfected using Lipofectamine 2000
(Invitrogen). Briefly, 3 µl Lipofectamine 2000 was mixed with 500 µl M3 plus anti/anti and added
to a mix of 250 ng N-Venus plasmid plasmid and 250 ng C-Venus plasmid. After 10 minutes,
this was added to the washed cells and placed at 25◦ C for 4.5 hours. The medium with DNA was
removed and replaced by 1 ml M3 with 10% FBS and anti/anti.
After two days, cells were resuspended in the medium plus 10 µg/ml Hoechst 33342 and placed
on a slide with a Secure Seal Spacer (Invitrogen), covered with a coverslip, and a Leica DM6B
fluorescence microscope was programed to scan and capture 50 images per slide. Venus-positive
and total nuclei (Hoechst staining) were counted using CellProfiler (cellprofiler.org) to determine
the fraction of cells showing biFC. Three biological replicates were done.
2.2.6 Luciferase Assay
Transfections were done as for the BiFC assays. The plasmid DNAs used were a mix of 400
ng firefly luciferase (looping) plasmid, 5 ng pPac-Renilla luciferase (control) plasmid, and 100
ng pPac-transcription factor plasmid. After replacing the medium plus DNA by 1 ml M3 with
10% FBS and anti/anti, cells were grown an additional 60 hours. Cells were lysed and assayed for
luciferase activity using the dual-luciferase assay system (Promega E1910) and a GloMax 20/20
luminometer (Promega).
For each transfection, experimental firefly luciferase was divided by the control Renilla
luciferase activity to control for transfection efficiency. For each plasmid set, values were then
normalized to the BEAF-associated promoter without transcription factor binding sites. Three
biological replicates were done.
2.2.7 Genomics Analyses
RNA-seq data were from GSE81221 (unpublished). Sry-δ and LacZ control RNAi data were
mapped to dm6.01 using STAR and Cuffdiff was used to assess differential gene expression [111]
[22].
Sry-δ Motif analysis was performed using FIMO from the MEME suite [34] and the Sry-δ
consensus motif 5’-YTAGAGATGGRAA [89]. Motif coordinates were converted to bigWig using
BEDTools and Kent tools [57][90]. S2 cell ChIP-seq datasets were from GSE52962 for BEAF [68];
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GSE96581 for dCTCF [52]; GSE41950 for Su(Hw) [69]; GSE40646 for GAGA factor (GAF) [26];
and GSE49842 for M1BP [66].
These data were aligned to dm6.01 using Bowtie2 [63]. They were further processed using
deepTools, which was also used to generate heatmaps [91]. The top 1000 peaks near a TSS were
called by sorting ChIP-seq signal in a 300 bp window around all TSS.
2.3 Results
2.3.1 Identification of BEAF-Interacting Proteins
BEAF was originally identified as a chromatin domain insulator binding protein, while subsequent genome-wide mapping found that it usually binds near transcription start sites [127][10][49][80].
This raises questions about the function of promoter-proximal BEAF, as well as whether it is a
traditional insulator protein. To gain insight into how BEAF works, we decided to identify proteins
that physically interact with BEAF-32B using yeast 2-hybrid assays (Y2H).
We had previously identified genetic interactions between BEAF and several proteins using
a rough-eye assay [96], so we started by testing these proteins. Two large proteins identified in
that screen were not tested, Taf1 (over 2000 amino acids) and Nipped-A (over 3700 amino acids).
In addition, we tested a few other proteins of interest. Three proteins interacted with 32B in our
Y2H assays (Table 2.1 and Figure 2.1A), the homeodomain-containing transcription factors Abd-B,
Bcd and Scr. Interestingly, we did not detect interactions with proteins that have previously been
reported to interact with BEAF: Zw5 [7], CP190 [115], and D1 [18]. All three Y2H interactions
were atypical in the sense that only around 30% of colonies containing both Y2H plasmids grew
on 4-drop plates selecting for HIS3 and ADE2 reporter gene expression. Growth on the 4-drop
plates was delayed and only a few colonies grew rather than the entire patch. When repatched onto
a fresh 4-drop plate, the entire patch would grow. Additionally, the URA3::MEL1UAS-Mel1TATA
reporter gene encoding secreted alpha-galactosidase 1 was also activated. Therefore the interactions
appeared genuine. In contrast, using self-interactions of 32B or its leucine zipper plus BESS domain
or its BESS domain alone we found that 100% of colonies containing both Y2H plasmids grew on
4-drop plates. As we previously reported, a dilution series of yeast found that the interaction of
the BESS domain with itself was weaker than with the leucine zipper plus BESS domain or full
length 32B (Figure 2.1A) [5]. GAL4-BD-BEAF-32B and GAL4-AD-transcription factor coding
sequences were PCR amplified from yeast growing on 4-drop plates and sequenced to look for
mutations. We found a 1 bp deletion in the middle of the Abd-B homeodomain coding sequences,
which we subsequently found was in the original cDNA plasmid from the Drosophila Genomics
Resource Center (clone RE47096). No other mutations were found. After correcting the Abd-B
mutation, less than 10% of colonies showed a Y2H interaction with 32B so it was scored as not
interacting with 32B.
Next we screened a Drosophila cDNA library to identify additional proteins that interact with
32B. Over 2.5 million colonies were screened, resulting in 188 positive colonies that were sequenced
and identified (Table 2). BEAF interacts with itself via a C-terminal BESS domain [5], and 56
of the identified clones encoded BEAF. Of these, 16 had coding sequences only for the common
part of BEAF, 32 also had sequences unique to 32B, and 8 also had sequences unique to 32A. The
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Figure 2.1. Y2H and pull-down tests for interactions between BEAF-32B and specific
proteins. (A) BEAF-32B was fused to the carboxy-end of the GAL4 DNA binding domain
(BD), and candidate proteins were fused to the carboxy-end of the GAL4 activation domain
(AD) for use in Y2H assays. Interactions of the BEAF BESS domain with itself and the
leucine zipper plus BESS domain were used as positive controls [5](see Fig. 2A). Serial
5-fold dilutions of OD600 0.1 yeast were spotted onto plates. Left panels (-TRP LEU)
show growth on plates selecting for plasmids. Right panels (-TRP LEU HIS ADE) show
growth on plates additionally selecting for reporter gene expression. Shown are proteins
from Table 1 that interact with 32B, insulator proteins that do not interact with 32B as
examples of negative results, and interaction with Sry − δ from the cDNA library screen.
(B) Bacterial protein extracts containing N-terminal FLAG-tagged 32B and N-terminal
Myc-tagged transcription factors were mixed and immunoprecipitated using anti-FLAG M2
beads. After SDS-PAGE, proteins were detected using anti-Myc or anti-BEAF antibodies.
The transcription factors were pulled down only in the presence of FLAG-32B, except
Myc-Abd-B was not pulled down. IN: input proteins; IP: immunoprecipitated proteins in
the absence (-) or presence (+) of FLAG-32B; -BEAF: detection of immunoprecipitated
FLAG-32B from the (+) lanes.
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remaining cDNAs encoded 20 different proteins, with most identified once or twice. Annotations
in FlyBase indicated that 5 of these proteins are nuclear. Of the rest, 8 proteins have unknown
cellular locations and functions; 6 are found in the cytoplasm or non-nuclear organelles; and 1 is
extracellular. Focusing on the nuclear proteins, three are particularly interesting: Serendipity δ
(Sry − δ, a zinc-finger transcription factor implicated in bcd regulation); Bicoid interacting protein 1
(Bin1, or dSAP18, an HDAC subunit); and polybromo (a subunit of the PBAP chromatin remodeling
complex). We found it interesting that BEAF interacts with Bcd, a transcription factor that regulates
bcd [98], and an HDAC subunit that interacts with Bcd [128].
Table 2.2. Results of yeast 2-hybrid cDNA library screening for interactions with BEAF.

Our Y2H library screen did not detect the proteins we detected by direct testing. Looking at
the high-throughput expression data on FlyBase, we found that these genes (bcd, Abd-B, Scr) have
expression that is low, temporally restricted, and/or spatially restricted. This raised the suspicion that
their cDNAs were not well represented in the library that was used. This was tested by performing
PCR on an aliquot of yeast containing the library, using a GAL4-AD 5’ primer and a gene-specific
3’ primer for Abd-B. CG11164 served as a positive control. We additionally tested for CP190 since
it is highly and broadly expressed and the protein has been reported to interact with BEAF, but was
not detected by direct testing or in the library in our screen. Confirming our suspicion, Abd-B was
not detected, while both CG11164 and CP190 were (data not shown).
We decided to focus our attention on the 4 transcription factors identified. To check their
interactions with BEAF, we tested for co-immunoprecipitation after expression in E. coli. Protein
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extracts containing N-terminal Myc-tagged transcription factors and FLAG-tagged 32B were mixed
and proteins were pulled down using anti-FLAG beads. Bcd, Scr and Sry−δ co-immunoprecipitated
with 32B, while Abd-B did not (Fig. 2.1B).
2.3.2 Mapping Interaction Regions
To further validate interactions between the transcription factors and BEAF, we mapped regions
that interact by Y2H and pull-down assays. Abd-B was not included because it only weakly interacts
with BEAF, if at all. First we tested parts of BEAF for interactions with the transcription factors,
using BESS-BESS domain interactions and full length 32B-transcription factor interactions as
positive controls (Fig. 2.2). Bcd weakly interacted with the MLZ region and interacted more
robustly with the LZB region. It did not interact with the MID, LZ or BESS regions alone. Taken
together, it appears Bcd interacts with the leucine zipper in BEAF, but requires additional sequences
either to help leucine zipper folding or to strengthen the interaction.
In contrast, both Scr and Sry − δ interacted with the MID region. A point of interest is
that roughly the first 75 amino acids of this 120 amino acid region are highly conserved among
Drosophila species [5]. We split this region into 3 overlapping 60 amino acid segments. Scr
interacted with M30-90, while Sry − δ interacted with M1-60 (Fig. 2.2). Thus three different
regions of BEAF are important for interacting with the transcription factors.
Next we determined if 32B interacts with the N-terminal or C-terminal half of the transcription
factors. The transcription factors were split and fused either to an N-terminal GAL4-AD for Y2H
assays or to an N-terminal Myc tag for bacterial expression and pull-down assays (Fig. 2.3). Neither
part of Scr interacted with 32B in Y2H assays, but the homeodomain-containing half was pulled
down by 32B. It is not clear why the Y2H and pull-down assays for Scr do not agree. For Bcd,
the homeodomain-containing half interacted with 32B in both Y2H and pull-down assays. While
we did not characterize these interactions in more detail, it is interesting that the half with the
homeodomain interacted with 32B for both transcription factors. Finally, the half of Sry − δ that
has an acidic domain (amino acids 96-174) but lacks the zinc fingers interacted with 32B in both
Y2H and pull-down assays. Taken together, these results provide further evidence for physical
interactions between BEAF and these transcription factors.
2.3.3 Testing Interactions by BiFC
As a further test of interactions with BEAF, we used biFC (Fig. 2.4). N-terminal Venus (amino
acids 1-173; nV) was fused to the carboxy terminus of 32B. As positive and negative controls,
C-terminal Venus (amino acids 155-239; cV) was fused to the carboxy terminus of 32B or 32B
with the BESS domain deleted (32B-delBESS) respectively. The fraction of cells showing biFC of
32B-cV with 32B-nV was around 9 times more than for 32B-delBESS-cV. C-terminal cV fusions
were made for the four transcription factors. The fraction of cells showing biFC interactions of
Abd-B-cV or Bcd-cV with 32B-nV was less than for 32B-delBESS-cV, so N-terminal cV fusions
were made for these transcription factors. Based on the fraction of cells showing biFC, Sry −δ −cV ,
Scr-cV and cV-Bcd clearly interact with 32B-nV. A low fraction of cells also showed biFC with
cV-Abd-B, suggesting that despite the negative Y2H and pulldown results it might interact weakly
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Figure 2.2. Mapping regions of BEAF that interact with the transcription factors. (A)
Schematic of the parts of BEAF that were fused to the GAL4 BD for Y2H assays. BED ZnF:
32B unique sequences, encompassing the DNA-binding BED finger (blue rectangle). M,
MID: middle region. LZ: putative leucine zipper (purple rectangle). BESS: BESS domain
(green rectangle). Numbers indicate the first and last amino acid present in the truncated
proteins. (B) Results of Y2H assays, as in Fig. 1A. BESS-BESS and 32B-transcription
factor interactions were included as positive controls. Bcd interacts with the LZ, although
additional sequences (either MLZ or LZB) are needed for interactions to occur. Scr interacts
with M30-90 and Sry − δ interacts with M1-60.
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Figure 2.3. Mapping regions of the transcription factors that interact with
32B. (A) Schematic of the parts of the transcription factors that were fused
to the GAL4 AD or a Myc tag. An acidic region in Sry − δ and DNA
binding domains are indicated. (B) Results of Y2H assays, as in Fig. 1A.
The homeodomain-containing half of Bcd interacted with 32B; neither half
of Scr interacted with 32B; and the N-terminal half of Sry − δ, which
lacks the zinc fingers, interacted with 32B. (C) Results of 32B pull-down
assays, as in Fig. 1B. The homeodomain-containing half of Bcd and Scr
co-immunoprecipitated with FLAG-32B, while for Sry − δ the half lacking
zinc fingers co-immunoprecipitated.

35

with 32B.
2.3.4 Genetic Interaction between Beaf And Sry-δ
A genetic interaction between BEAF and Abd-B, Bcd and Scr was previously shown [96].
This utilized UAS-BID, a transgene encoding a dominant-negative form of BEAF lacking a DNA
binding domain. When produced under GAL4 control in eyes, it caused a rough eye phenotype that
was enhanced in the presence of heterozygous mutations in the transcription factors. We used the
same assay to test for genetic interactions between BEAF and Sry − δ. Driving heterozygous UASBID expression using ey-GAL4 leads to a mild rough-eye phenotype, while combining ey-GAL4
and Sry − δ SF 2 does not affect eye development. The combination of heterozygous UAS-BID,
ey-GAL4 and Sry − δ SF 2 has a dramatic effect on eye development, resulting in eyes with only a
few ommatidia (Fig. 2.5). We conclude that Sry − δ shows a genetic interaction with BEAF.
2.3.5 Promoter-Proximal BEAF Facilitates Sry − δ Action from a Distance
Genome-wide mapping has found that BEAF usually binds near transcription start sites
[10][49][80][68]. In a traditional view of insulator function, BEAF could interact with the identified
transcription factors to block their ability to activate an adjacent promoter. Alternatively, BEAF
could interact with the identified transcription factors to facilitate long distance enhancer-promoter
communication. We tested these possibilities using luciferase assays in transiently transfected S2
cells. As shown in Fig. 2.6A, the high affinity BEAF binding site from the scs insulator [39]was
placed next to a minimal promoter from the yellow (y) gene [76][75], with or without mutations
that abrogate BEAF binding. Upstream of this was a 2.3 kb spacer sequence from a bacteriophage
lambda HindIII fragment. Four tandem transcription factor binding sites were placed either in a
promoter-proximal position adjacent to the BEAF binding site, or in a promoter-distal position
upstream of the spacer sequence. If BEAF blocks activation, this should be apparent by comparing
the firefly luciferase activity for the promoter-proximal transcription factor binding sites in the
presence and absence of BEAF binding (normalized to Renilla luciferase activity driven by an
Act5C promoter, and then normalized to the BEAF-associated promoter without transcription factor
binding sites). If BEAF facilitates activation by looping, this should be apparent by comparing
the luciferase activity for the promoter-distal transcription factor binding sites in the presence and
absence of BEAF binding. Because Abd-B (included as a negative control), bcd and Scr are not
expressed in S2 cells [33], we also made plasmids to produce these proteins, as well as Sry − δ,
from an Act5C promoter.
Only transfections with plasmids with Sry − δ binding sites gave evidence for interactions
between a transcription factor and BEAF. When an Sry − δ expressing plasmid was included,
around 8-fold activation was provided by promoter-proximal Sry − δ binding sites. This was
doubled when BEAF also bound. Promoter-distal binding sites did not activate, although there
was nearly 3-fold activation if BEAF also bound (Fig. 2.6B). This provides evidence that BEAF
does not block activation by Sry − δ, but rather facilitates looping from a distance. However, this
evidence was weak. S2 cells express Sry − δ, and similar weak evidence was obtained when the
Sry − δ expressing plasmid was omitted (Fig 2.8). So we fused a VP16 activation domain onto the
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Figure 2.4. Testing interactions between the transcription factors and 32B
using biFC. (A) Graph showing the fraction of cells showing biFC of indicated cV-tagged proteins with 32B-nV, normalized to 32B-cV. A minimum
of 50 images were counted per sample per experiment, and results are an
average of three biological replicates. Results for Scr-cV and Sry − δ − cV
were variable, but Scr-cV, Sry − δ − cV and cV-Bcd clearly interacted
with 32B-nV. Results for cV-Abd-B were less clear, but suggest a weak
interaction with 32B-nV. (B) Representative micrographs for the indicated
proteins. Nuclei were stained with Hoechst and false colored red, while
Venus is shown in green. All images were acquired using the same settings,
but the images shown for delBESS-cV, cV-AbdB and cV-Bcd had the green
channel enhanced to better show the Venus signal.
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Figure 2.5. A rough-eye assay shows a strong genetic interaction between
BEAF and Sry − δ. Shown are SEM images from eyes of 3-5 day old
females. Negative control ey-GAL4/+; Sry − δ SF 2 /+ flies have normal
eyes. A mild rough-eye phenotype is seen in ey-GAL4/+; UAS-BID/+ flies
expressing a dominant-negative form of BEAF. This rough-eye phenotype is
much stronger when the Sry − δ SF 2 mutation is also present (ey-GAL4/+;
UAS-BID/ Sry − δ SF 2 ).
carboxy end of Sry − δ and repeated the experiments. Promoter-proximal binding gave around
50-fold activation, and this was doubled when BEAF also bound. Promoter-distal binding did not
activate, but when BEAF also bound there was over 10-fold activation (Fig. 2.6C). This provides
stronger evidence that BEAF facilitates looping to give activation from a distance by Sry − δ.
Experiments with and without transcription factor plasmids and with and without VP16 fused
to the carboxy ends of the transcription factors did not give evidence for interactions with BEAF for
Abd-B, Bcd or Scr (Fig 2.8). Abd-B activated from promoter-proximal binding sites, but did not
loop with BEAF to give activation from promoter-distal sites. This was expected, since our other
results indicate that it interacts with BEAF weakly if at all. In contrast, neither Bcd nor Scr activated
from their binding sites, even when fused with VP16. This suggested that they do not bind the
binding sites we used, so we fused their VP16 fusion versions to Abd-B and used Abd-B binding
sites. Activation from promoter-proximal binding sites was observed, but there was no evidence for
looping with BEAF to give activation from promoter-distal binding sites. Our Y2H results indicate
that Bcd and Scr interact with BEAF more weakly than does Sry − δ. Apparently the interactions
are too weak to mediate looping with BEAF, at least in this setup. An interesting result was that
BEAF appeared to block activation by promoter-proximal Abd-B-VP16, dropping activation from
75-fold to 13-fold. However, this was not observed for Abd-B, Abd-B-Bcd-VP16 or Abd-B-ScrVP16. Possible explanations for this include low activation in the absence of BEAF by Abd-B
(3-fold) or Abd-B-Bcd-VP16 and Abd-B-Scr-VP16 (15-fold for both) compared to Abd-B-VP16
(75-fold); or weak interactions between Bcd or Scr and adjacent BEAF counteracting the blocking
for Abd-B-Bcd-VP16 and Abd-B-Scr-VP16. Because the blocking was not consistently seen, it
is also possible that the Abd-B-VP16 result is some sort of anomaly. It will require additional
experiments to determine if BEAF can block a promoter from a transcription factor that it does not
interact with.
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Figure 2.6. Promoter-proximal BEAF facilitates long-range interactions between Sry − δ and
promoters, and directly activates a housekeeping promoter. (A) Schematic of constructs used to
drive firefly luciferase expression in transfected S2 cells. All transfections also had a plasmid with
an Act5C promoter driving Renilla luciferase expression to normalize for transfection efficiency,
with a plasmid with an Act5C promoter driving expression of Sry − δ. Test plasmids had either a
minimal y (developmental) or RpS12 (housekeeping) promoter. mBF or BF: promoter-proximal
mutant or wild-type BEAF binding site. ppTF: promoter-proximal 4 tandem Sry − δ transcription
factor binding sites. pdTF: promoter-distal 4 tandem Sry − δ transcription factor binding sites.
Also shown is a model of Sry − δ interacting with BEAF to facilitate long-range activation of the
promoter. (B) Sry − δ tested with the y promoter. (C) Sry − δ − V P 16, Sry − δ tested with the
y promoter. (D) Sry − δ tested with the RpS12 promoter. (E) Sry − δ − V P 16 tested with the
RpS12 promoter. (F) Testing the aurA promoter with and without mutations in the BEAF binding
site. Comparison of the pdTF.BF and pdTF.mBF values indicate long-range interactions between
Sry − δ and BEAF in (B) through (E). Comparison of the BF and mBF values indicate activation
of the promoter by BEAF in panels (D) through (F).
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2.3.6 Promoter-Proximal Beaf Activates a Housekeeping Promoter but Not a Developmental
Promoter.
We expanded our analysis to include a minimal RpS12 housekeeping promoter [123] . There
are differences between promoters for developmental and housekeeping genes [123], and the y
promoter is a developmental promoter with a TATA box, an Initiator element, and a Downstream
Promoter Element [76] [75]. We previously found that BEAF usually localizes near promoters of
housekeeping genes [49]. We extended this by compiling lists of genes with a TSS within 300 bp of
the center of BEAF peaks from various additional sources [10][49][80][68] and compared them
to lists of housekeeping genes as defined by low variance in expression levels in various tissues,
cell types and developmental stages [62] [115]. We found that roughly 85% of BEAF-associated
genes are housekeeping genes [102]. Note that the DREF binding site [42] at the RpS12 promoter
is deleted, and presumably so are the sequences responsible for a BEAF peak in this region.
Surprisingly, BEAF alone activated the minimal RpS12 promoter over 100-fold (Fig. 2.6D,
2.9). Promoter-proximal Sry − δ gave similar activation, and together with BEAF the activation
was over 20-fold more than BEAF alone. Sry − δ alone did not activate from promoter-distal
binding sites, but interacted with BEAF to provide over 10-fold activation relative to BEAF alone.
Similar results were obtained for Sry − δ-VP16, except for some reason the looping interaction
gave 3-fold higher activation than promoter-proximal Sry − δ binding sites with BEAF (Fig. 2.6E).
There was no evidence for the other transcription factors interacting with BEAF at this promoter,
although the activation by BEAF alone was consistently observed with or without the presence of
transcription factor binding sites (Fig2.9). Promoter-proximal Abd-B and Abd-B-VP16 activated
around 4-fold in the absence of BEAF, but because of the strong activation by BEAF it could not be
determined if blocking by BEAF occurred as observed for Abd-B-VP16 at the y promoter. Also,
there was little or no activation by promoter-proximal Abd-B-Bcd-VP16 or Abd-B-Scr-VP16. This
could indicate an incompatibility between these transcription factors and the housekeeping promoter,
although this point is unclear without additional supporting data.
To conclude, these results show that looping interactions can occur between promoter-distal
Sry − δ and promoter-proximal BEAF to facilitate gene activation. Unexpectedly, we also found
that BEAF is a powerful activator of a housekeeping promoter, but not of a developmental promoter.
To expand this analysis, we examined the ability of BEAF to activate another promoter. The BEAF
binding site we used comes from near the aurA TSS, which is in the scs insulator. Although aurA is
not on the list of housekeeping genes, it must be expressed in all dividing cells because it encodes
a protein essential for mitosis [32]. Furthermore, it has a BEAF-associated promoter. Promoter
activity dropped around 50-fold when the BEAF binding site was mutated (Fig. 2.6F). This is
the first example of BEAF mediating looping interactions in DNA, as well as of BEAF directly
participating in promoter activation.
2.3.7 Evidence for Widespread Cooperation between Beaf And Sry − δ
We took two approaches to look for in vivo relevance of the interaction between BEAF and
Sry − δ. First, we used RNA-seq data from a high-throughput RNAi knockdown screen in S2
cells (GSE81221). We found that 2929 genes were downregulated at least 2-fold after Sry − δ
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RNAi, and 597 were upregulated at least 2-fold. We focused on the downregulated genes because
Sry − δ is thought to mainly act as a transcription activator [89]. Using FIMO from the MEME
suite [34]we found that 359 of these genes had at least one Sry − δ motif [89] within 300 bp of
their TSS. If Sry − δ directly activates many of the 2929 genes, it must often do so from a distance.
Using ChIP-seq data from S2 cells [68] we found that 363 of the 2929 genes had a BEAF peak
within 300 bp of their TSS. Only 41 genes also had an Sry − δ motif in the same window (Fig.
2.7A). Expanding the window for Sry − δ motifs to 1 kb from a TSS increases the overlap with
BEAF-associated genes to 128. Depending on what is considered a local interaction, this suggests
that local interactions between BEAF and Sry − δ could play a role in the activation of 41 to 128
of these genes, while looping interactions between Sry − δ and promoter-proximal BEAF could
play a role for over 235 of the 363 genes.
Second, to look for further support for local interactions between BEAF and Sry − δ we made
heatmaps centered on TSSs of S2 cell BEAF ChIP-seq data and of Sry − δ motifs to determine the
frequency with which Sry − δ binding motifs colocalize with promoter-proximal BEAF peaks. As
a comparison, we did a similar analysis for TSSs with nearby peaks of four other proteins. M1BP
was included because, like BEAF, it is usually found near housekeeping gene promoters [66]. We
included Su(Hw), dCTCF and GAF because they are other well-characterized insulator binding
proteins [80]. GAF is a complex protein that has also been shown to be able to direct chromatin
remodeling [112] [79] and play a role in pausing by RNA polymerase II [64][66][26]. We focused
on the top 1000 protein peaks near a TSS for each protein. There is a clear correlation between
BEAF binding and Sry − δ motifs. The correlation between the other proteins and Sry − δ motifs
is weak or absent, with dCTCF showing the strongest hint of a correlation (Fig. 2.7B). We conclude
that the correlation found between BEAF binding and Sry − δ motifs is not found for the other
proteins examined, so is likely to indicate a functional relationship. Combining all results, this
supports the hypothesis that BEAF and Sry − δ can cooperate to regulate gene expression both
through local and long-range interactions.
2.4 Conclusion
BEAF was initially discovered as an insulator binding protein, and transgenic assays demonstrated that genomic sequences with BEAF binding sites have insulator activity [127] [19][18][106].
Yet genome-wide mapping found that BEAF is usually found near TSSs [10][49][80]. To gain
insight into molecular mechanisms of BEAF function we conducted a Y2H screen for interacting
proteins. We found three transcription factors that interact with BEAF: Bcd, Scr and Sry − δ. The
interaction of BEAF with Bcd and Scr was unusual in that only around 30% of yeast colonies containing the Y2H plasmids grew on plates selecting for reporter gene expression. Yet all interactions
were confirmed by mapping interaction regions, pull-down experiments using bacterially expressed
proteins, and biFC. Genetic interactions between BEAF and Bcd and Scr were previously reported
[96], and here we show that this rough eye assay also detects an interaction with Sry − δ. Two
other studies found an interaction between BEAF and Sry − δ. One expressed 459 epitope-tagged
chromatin proteins in S2 cells, immuno-affinity purified the proteins, and did proteomic mass
spectrometry to identify co-purifying proteins [93].
BEAF co-immunoprecipitated with epitope-tagged Sry − δ and vice versa, finding multiple
41

Figure 2.7. Evidence for widespread cooperation between BEAF and Sry − δ. (A) Venn diagram of
the overlap of genes down-regulated at least 2-fold after Sry − δ RNAi in S2 cells, the number of
these genes that have at least one Sry − δ binding motif within 300 bp of the TSS, and the number
of genes with a BEAF peak within 300 bp of the TSS. Promoters with a BEAF peak but lacking
an Sry − δ motif could be regulated by long-range interactions between these two proteins. (B)
Heatmaps of the top 1000 TSSs for each indicated protein ranked by ChIP-seq signal intensity (left
panels) with an adjacent heatmap showing the distribution of Sry − δ consensus motifs around the
TSSs (right panels). 1.5 kb on either side of the TSSs are shown. BEAF-associated promoters show
the strongest correlation with Sry − δ motifs. See Methods for data sources.
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Figure 2.8. Luciferase assays using the indicated transcription factor binding sites and the y
promoter.
See Fig. 2.6 for reporter gene constructs. The 4x transcription factor binding sites and transcription
factor-expressing plasmid used are indicated. Abd-B-Bcd- VP16 and Abd-B-Scr-VP16 used Abd-B
binding sites. noTF: no transcription factor plasmid was included in the transfection ( Sry − δ is
expressed in S2 cells; Abd-B, Bcd and Scr are not); mBF: mutated BEAF binding site, BF: BEAF
binding site; ppTF: promoter-proximal 4x transcription factor binding sites; pdTF: promoter-distal
4x transcription factor binding sites; y: yellow minimal promoter. Values indicate firefly luciferase
activity normalized to co-transfected Act5C-Renilla luciferase activity, then normalized to the
reporter construct with a promoter-proximal BEAF binding site but lacking transcription factor
binding sites.
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Figure 2.9. Luciferase assays using the indicated transcription factor binding sites and the RpS12
promoter.
See Fig. 2.6 for reporter gene constructs. The 4x transcription factor binding sites and transcription
factor-expressing plasmid used are indicated. Abd-B-Bcd-VP16 and Abd-B-Scr-VP16 used Abd-B
binding sites. noTF: no transcription factor plasmid was included in the transfection ( Sry − δ is
expressed in S2 cells; Abd-B, Bcd and Scr are not); mBF: mutated BEAF binding site, BF: BEAF
binding site; ppTF: promoter-proximal 4x transcription factor binding sites; pdTF: promoter-distal
4x transcription factor binding sites; R: RpS12 minimal promoter. Values indicate firefly luciferase
activity normalized to co-transfected Act5C-Renilla luciferase activity, then normalized to the
reporter construct with a promoter- proximal BEAF binding site but lacking transcription factor
binding sites.
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peptides for both proteins. In contrast, only weak evidence for an interaction between BEAF and
Bcd was found (one BEAF peptide in the Bcd immunoprecipitation and no Bcd peptides in the
BEAF immunoprecipitation) and no evidence was found for an interaction between BEAF and
Scr (or Abd-B). We also detected Sry − δ, but not Bcd or Scr, by mass spectrometry of proteins
that co-immunoprecipitated with BEAF from embryo nuclear protein extracts (unpublished date).
Second, an unpublished Y2H study found an interaction of BEAF with Sry − δ (http://flybi.hms.harvard.edu/results.php). The interaction with transcription factors suggested that BEAF might be
playing an active role at BEAF-associated promoters.
We tested the ability of promoter-proximal BEAF to facilitate gene activation by the transcription factors when they were bound 2.3 kb upstream. We call this a looping assay because,
although various models have been proposed [28], there is strong evidence that looping is a key
component of enhancer-promoter communication [20][82][21] [118]. This has been confirmed at
the genome-wide scale using methods such as Hi-C and ChIA-PET [50] [125]. We used Abd-B as a
negative control and as a DNA binding domain, and a VP16 activation domain to enhance activation.
We found no evidence for long-range interactions between BEAF and Bcd or Scr, suggesting that
the unusual Y2H results indicate that the affinity of the interactions are too low to promote looping
with BEAF. In contrast, we obtained convincing evidence for looping between Sry − δ and BEAF
leading to reporter gene activation. We also provide evidence that looping between Sry − δ and
BEAF could play a role in regulating a few hundred genes, and local interactions between these two
proteins could also play a role in gene regulation.
An unexpected finding was that BEAF strongly activated the RpS12 housekeeping promoter
and the aurA cell cycle-related promoter. It was previously found that sequences with BEAF binding
sites do not activate an hsp26 promoter after transient transfection [19] or a w or hsp70 promoter in
transgenic flies [56][55][19]. We obtained a similar result with the y promoter, supporting the idea
that BEAF is not a transcription activator. These are all regulated promoters. There are differences
between regulated and housekeeping promoters [123], and we noticed that BEAF is usually found
near the latter. Our results with the RpS12 promoter suggest that BEAF could be a transcription
activator that is specific for housekeeping promoters, or a subset of these promoters. This could
include the special class of ribosomal protein gene promoters [117], at least one-third of which
(such as RpS12) are BEAF-associated. Although aurA was not on the list of housekeeping genes
that we used, it has a BEAF-associated promoter (located in scs) and encodes an essential cell
cycle protein [32] . Thus, it must be expressed in all cycling cells and so could be considered a
type of housekeeping gene. It will be interesting to expand the number of promoters tested, and to
determine the mechanism behind the promoter-type specificity.
One question is whether the transcription factor DREF [42][113] rather than BEAF might
account for the effects we observed. The consensus motif for DREF (TATCGATA) is related to
that for BEAF (clustered CGATA motifs). However, their binding sites do not always overlap. We
previously found that DREF does not bind to the BEAF binding site used here, and BEAF and
DREF compete rather than cooperate for binding [39]. We did not detect an interaction between
BEAF and DREF in our Y2H screen. As mentioned in Results, the minimal RpS12 promoter lacks
the DREF motif present at the endogenous promoter. It is unlikely that DREF influenced our results.
A couple intriguing but preliminary observations emerged from our looping assay. One was
that BEAF might block activation of the y promoter by Abd-B-VP16, a classic activity for an
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insulator protein. The other was that Abd-B-Bcd-VP16 and Abd-B-Scr-VP16 might not be able to
activate the RpS12 promoter, demonstrating promoter-type specificity. As explained in the Results
section, additional experiments are needed to determine if these observations will hold up to scrutiny.
We did not pursue these points here because they were peripheral to our main interest.
Metazoan chromosomes are organized into TADs. Vertebrate TAD boundaries often have
convergent CTCF sites that interact to form TAD loops. In contrast, fly TADs appear to be separated
by regions of active chromatin containing clustered housekeeping genes that form inter-TAD regions
[115][17][47]. BEAF is found near the TSSs of hundreds of housekeeping genes. By contributing
to the activation of these promoters BEAF could contribute to nuclear organization by helping
to establish inter-TAD regions. This could explain why BEAF is found at TAD boundaries and
inter-TADs. BEAF is maternally provided [5] and is essential, but not after embryogenesis [96].
RNAi knockdown of BEAF has minimal effects on TAD organization in cultured cells [91] . Maybe
BEAF is most important in activating promoters in early embryogenesis to help establish inter-TADs,
possibly at a subset of Zelda sites [47], and then redundant factors can keep the genes active to
maintain TAD organization even if BEAF is absent. How does long-range communication between
BEAF and Sry − δ fit into this model? Possibly this communication is most important during
oogenesis and embryogenesis; or misregulation of the affected genes is not lethal; or redundant
mechanisms minimize the effects of a loss of BEAF on Sry − δ-regulated genes.
Here we report two new functions for the BEAF insulator protein: mediating long-range
communication with a transcription factor and directly activating a housekeeping promoter. This
provides insight into BEAF, although it is currently unclear how these functions relate to insulator
activity. It will be interesting to determine if BEAF can mediate long-range interactions with
additional transcription factors, and what characteristics allow direct activation of a promoter by
BEAF. Integrating this information with understanding of insulator activity and the potential role
of BEAF in helping to establish or maintain genomic TAD organization remain challenges for the
future.
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Chapter Three: BEAF-32 Interacts with Polybromo
3.1 Introduction
3.1.1 Bromodomain in General
• Difference between Chromodomain and Bromodomain.
Polybromo is a protein complex composed of multiple bromodomains. Before we try to
understand its mechanism and functions, we need to understand the difference between a
chromodomain and bromodomain.
Chromodomain is responsible for chromatin remodeling and formation of heterochromatin.
Bromodomain is responsible for reading lysine acetylation on N terminal tails of histone
proteins, and further transmitting the signal for downstream factories.
Bromodomain is bigger than chromodomain. it’s around 110 amino acids and recognizes
and binds acetylated lysine residues, especially on the N-terminal tails of histones. It can be
categorized in the “reader" of lysine acetylation, and responsible for transmitting the signal
carried by acetylated lysine residues.
Each bromodomain contains four alpha helices( αZ-αA-αB-αC) that form a hydrophobic
pocket, which recognizes acetyl lysine. The alpha helices are conserved among species. The
loop region endows the difference and specificity of binding histone peptides. Each individual
bromodomain have a very low affinity to bind with acetyl histone but the combination has
shown to generate high affinity and specific target selectivity toward its target [25].
The functions of bromodomain containing proteins include chromatin remodeling, histone
acetyltransferase and transcriptional mediation.
• Brahma complexs. Brahma (brm) complexes are active chromatin remodeling complexes
that utilize ATP to regulate nucleosome organization and transcription [85]. The Brahma
complexes have bromodomains. BAP and PBAP are two variants in Drosophila.
Its molecular function is described by: DNA binding; DNA-dependent ATPase activity;
transcription factor binding; histone binding; ATP binding; protein binding; transcription
coactivator binding; ATPase activity [51].
• PBAF and PBAP.
In Drosophila, polybromo encodes a subunit of Polybromo-associated Brahma complex
(PBAP). Its main biological role is involved in chromatin remodeling together with Brahma
complex. BAP can also regulate gene transcription through DNA binding [70].
In human, the polybromo has been named as Polybromo 1 or also called PBRM1 or BAF180.
The multiple names means the same thing [103]. There are two BRM complexes have been
identified in D.mel(Drosophila melanogaster), BAP and PBAP. (Figure 3.1.)
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Figure 3.1. The two variants of chromatin remodeling complex in Drosophila,
BAP and PBAP. PBAP contain subunit of polybromo.
Drosophila polybromo also contain a High mobility group box (HMGB) domain.(Figure 3.2.)
The HMGB domain’s function include binds to DNA’s minor groove to induce DNA binding
and therefore involved in chromatin remodeling and gene regulation.

Figure 3.2. The structure of polybromo. It has 6 bromo domains, one HMG
domain and two zinc fingers.
• Connection between SWI/SNF, BAP, and BAF complexes.
Chromatin remodeling complex require energy from ATP to perform it’s function in gene
expression, repair DNA and recombination. It was first discovered a factor in yeast that
causing mating type switching(Switch or SWI). This factor involved in mating related signal
transduction, and related genes also found responsible for yeast sucrose fermentation switch
due to environmental change of nutrient.(sucrose nonfermenting or SNF)[54].
SWI/SNF complex is in yeast, which is unicellular organism. For multicellular organism,
certain genes are required to be repressed by histone H1and polycomb group protein. There
is a need for changing subunit structure from SWI/SNF to BAP complexes in flies. In
vertebrates, genome required to be organized, and modified by epigenetic marks. Therefore,
its subunit structure changed into BAF, and further developed into nBAF due to the emergence
of complex nervous system [54].(Figure 3.3.) This shows how the chromatin regulation has
adapted to changes of gene regulation. When BAP and PBAP target nucleosomes, the
complex can perform opposite role of Polycomb group protein [85].
Another difference is the SWI/SNF in unicellular organism can recognize specific sequence
and recruit by transcription factors, while BAP or BAF complexes can specifically bind
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Figure 3.3. The change from yeast SWI/SNF to Drosophila BAP and Vertebrate
BAF complexes. Colors are used to indicate homology. (Figure modified from
[54])
to histone modifications and recognize gene architecture [85]. This is the link between
architecture protein and chromatin remodeling complex in Drosophila.
3.1.2 The Mechanism of Polybromo
Two Major Functions of SWI/SNF.
There are two major functions has been reported from the study of SWI/SNF complexes.
The one is TopoII association, the other is chromatin remodeling function. It has been found
BAF complexes can recruit TopoII during anaphase and help to resolve tangles of DNA during
duplication [104]. If BAF subunits was mutated, it can lead to breakage of entangled DNA, and the
attempted repair of these breaks can be prone error and would contribute to pathogenesis of cancer
[104]. During cell division, DNA is replicated and polymerase can accumulate super coil of DNA.
These force must be relieved by cut the DNA and re-ligated after passing one strand to another.
TopoII can bind with DNA and forming a covalent bond between DNA and its enzyme. The enzyme
can work like a crab to cut one stand while holding the other, after passing the second strand, it will
re-ligated the DNA with the first strand. Therefore, relieving the super coil accumulated during
DNA replication.
TopoII was also found to bind with BAF 250a subunit, which is frequently mutated in cancers.
Therefore, BAF can work to recruit and allow TopoII to bind with DNA to perform its functions.
(Figure 3.4.)
The second function for SWI/SNF complexes is remodeling the nucleosome structure by
sliding and eject or insert histone octamers to expose or cover certain regulatory regions in DNA.
Figure 3.5 showing the binding of SWI/SNF complexes can lead to disruption of histone-DNA
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Figure 3.4. The synergy between BAF and TopoII. The mutation of BAF can
cause TopoII unable to bind with DNA, entangled DNA will be unable to be
resolved therefore lead to cancer.
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contacts. It further lead to DNA translocation and forming a looping space around nucleosome,
eventually lead to either sliding the DNA or expose a region by eject this nucleosome [120].

Figure 3.5. Steps of remodelling by SWI/SNF complexes. The left showing the
slide function, the right showing the evict function.

Bromodomain-4 in Human Plays the Main Role in Nucleosome Interactions.
PBRM1 is the human version of Drosophila polybromo. The structures are highly conserved.
It contains bromo and extra terminal domain(BET), which include 6 bromodomains. These bromodomains work cooperatively to mediate recognition [85]. There are evidence shown the BD1, BD3
and BD5 are the less conserved residues at regions that interact with histone tail [103].
The BD2 and BD4 have the preference to recognize peptides containing H3K14ac or other
acetylated lysines combination, and they strongly bind with nucleosomes. While other domains did
not show significant interactions with nucleosomes [103].
The combinations of bromodomains shown enhanced interactions with nucleosomes. The BD1
combine with BD2 and BD5 combine with BD4 can enhance the binding, while BD3 with either
BD2 or BD4 decreased the binding affinity. BD1 and BD5 are responsible to enhance these binding
affinities potentially due to the interaction with an unmodified tails, but BD3 could block these
interactions by modify those tails [103].
Chromatin remodeling complexes showing importance during carcinogenesis. It’s shown
the BD4 exhibits the highest frequency of missense mutations in clear cell renal cell carcinoma(ccRCC)[77]. Also, the BD4 mutation in PBRM1 showing increased cell proliferation rate
compared with the wild type. Although the BD2 mutation did not shown increased proliferation,
the combined mutations in both BD2 and BD4 exhibit the most significant increase in proliferation
[77].
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Bromodomains can help myelin repair.
Multiple sclerosis(MS) is immune mediated myelin injury and axonal damage. The main cause
of MS is the failure of recognize lysine acetylated posttranslational modification marks [85][104].
Another symptom for MS is the inflammation caused by autoimmune attack toward myelin.
Bromodomains demonstrated their role in MS by not only exhibit chromatin remodeling ability but
also deescalate inflammation in myeline attack related transcription factors and signaling pathways
[85].
Study shown after using small molecule bromodomain inhibitors against BRD2 and BRD4,
it reduced proinflammatory cytokine production by T cells and macrophages, thereby reducing
demyelination in murine models of multiple sclerosis [85]. It seems the inhibitor able to alter the
way bromodomain proteins read the information of lysine acetylation and translate them into a
favorable phenotype that ameliorate the symptom of multiple sclerosis [85].
Therefore, studies of bromodomain containing proteins could provide insight for reaching
proinflammatory and anti-inflammatory cytokines balance, which could potentially be a solution for
demyelinating diseases such as multiple sclerosis.
3.1.3 Polybromo in Drosophila for Boundary Functions.
Polybromo is required for histone H3.3 replacement at chromatin boundaries.
It has shown that the GAGA factor can recruit FACT and PBAP complexes to chromatin
boundaries and potentially play a key role in H3 to H3.3 replacement in active chromatin to execute
boundary functions [78] . H3.3 is an alternative H3 and H3.3 nucleosomes are associated with
active promoters and genes.
FACT (facilitates chromatin transcription) is a large heterodimeric protein complex in eukaryotic cells that influence transcription, replication and repair process. During nucleosome
reorganization, FACT can also temporarily expose or restrict the access of DNA [121].
H3.3 complex contains HIRA. HIRA is the chaperone for H3.3/H4 tetramers for depositing
during interphase. It associates with H3K4 methylation which considered as active histone markers,
while tends to avoid H3K9 methylation which traditionally considered as a mark of heterochromatin
[101].
Histone H3.1 is incorporated into chromatin during DNA replication process, while the recruit
of histone H3.3 happens during the interphase [78].
The process of replacing H3.3 can be summarized in below. (Figure 3.6) 1. GAGA factor
recruits PBAP complex and HIRA to chromatin boundaries. 2. Polybromo can help to generate a
DNase hypersensitive site and contrary to Polybromo, HIRA can restore the altered state. 3. FACT
complexes displaces a H2A-H2B pair from a nucleosome. This makes PBAP gain access to a
H3-H4 tetramer. 4. PBAP works to displace H3-H4 to make a nucleosome free region and become
a target for HIRA for deposition of H3.3-H4.
This process continues to establish a boundary function at this region. The components here
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including FACT, PBAP, HIRA are all conserved among species from human to Drosophila [78].
The continuous H3.3 replacement at chromatin boundaries can lead to a barrier situated on
genome to prevent spreading of certain histone modifications. Therefore, it could related to the
formation of genome boundary.

Figure 3.6. The process of FACT and PBAP work together to replace H3 to
H3.3 and establish a boundary on genome.

3.1.4 Polybromo Help to Maintain the Drosophila Ovarian Germline Stem Cells
The asymmetric division of germline stem cells(GSC) during Drosophila oogenesis generate
one daughter cell that remain its stem cell identity and a cystoblast. the cystoblast will continue to
divide into 16 cell cyst, which consist by one oocyte and 15 nurse cells [105].
There are evidence that BAP complex can help to maintain stem cell lineage. Since brm
is expressed in all types of germaria cells, the knockdown of brm revealed loss of GSC identity.
Similarly, the mutation in bap180/polybromo also caused defect in GSC maintenance [41]. (Figure
3.7.)
Since BAP and PBAP complexes are two forms of brm, it seems brm works in the form of
PBAP to regulate GSC self-maintenance during Drosophila oogenesis. While polybromo plays an
essential role in this mechanism.
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Figure 3.7. Polybromo/bap180 mutation causes a defective GSC maintenance.
A and A’ are wild type germarium showing brm is ubiquitously expressed. B is the control
for germaria in two days. C is the control for germaria in 14 days. D is the mutation for brm
in 2 days. E is the brm mutation in 14 days. F is the second control for germaria in two days.
G is the second control for germaria in 14 days. H is the mutation for bap180 in 2 days. I is
the bap180 mutation in 14 days. J is the third germaria control. K is the brm knockdown
germarium.
In wild controls, GSCs are evident at both 2 and 14 days(B,C,F,G). brm and bap180 mutation
the GSCs only detected at 2 days but lost at 14 days(D,E compare with H,I). J shows the two
GSCs, while the brm knockdown only contains one GSC. White arrows indicate GSCs [41].
3.2 Materials and Methods
3.2.1 Plasmid Construction
Yeast 2-Hybrid (Y2H)
Restriction enzyme cloning and Gibson assembly are used in all of the cDNA constructs with
GAL-4AD fused in pOAD plasmid. BEAF-32B full length and parts were fused to the GAL4BD in pOBD2 plasmid. EcoRI restriction site were used for Gibson assembly cloning. Gibson
Assembly (New England Biolabs) was used to insert sequences encoding the BEAF-32B full length;
polybromo full length; polybromo sections include pb2, pb3, pb4, pb5, pb6 and fused polybromo
include pb2-3, pb2-4, pb2-5, pb2-6, pb3-4, pb3-5, pb4-5, pb5-6. All plasmids were confirmed by
sequencing.
Gibson Assembly
Primers for Gibson assembly were designed with around 20 bases of sequence homology from
either side of the EcoRI site on the pOAD or pOBD plasmids. Then these fragments were fused to
different insert cDNA sequences through PCR. The plasmids were digested by EcoRI and purified
for Gibson Assembly. The purified insert sequences with flanking region from EcoRI after PCR
were incubated with gel purified digestion vector. With molar ratio around 1:5. 2.5µl DNA mix
with 2.5µl Gibson assembly mix was incubated at 50◦ C for 25 minuets on a thermal cycler. After
the incubation, the mix can be transformed into highly competent E.coli(DH5α) and plated on LB
plates with corresponding antibiotics. In this case, inserted colonies will grow on Amp plates.
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Pull-Down Assay
Different sections of polybromo being tested for interactions with 32B were tagged with
Myc epitope on their N-termini and cloned into pET3 expression vector. The pET3 vector is Amp
resistant with a T7 inducible promoter. The Gibson assembly were performed by inserting fragments
into a unique KpnI site. BEAF-32B was inserted into a pET plasmid encoding N-terminal FLAG
epitope tag through an EcoRI site. All plasmids were confirmed by sequencing.
3.2.2 Yeast Two Hybrid.
We used the yeast strain Y2H Cold from Clontech to perfrom Y2H assays, with plasmids
pOAD(GAL4-AD) and pOBD2(GAL4-BD). Each of these GAL4 constructs with cDNAs fused in
were transformed into Y2H Gold by lithium acetate and plated on media that lacking Tryptophan and
Leucine. The two-drop plates selected for colonies with plasmids. After 3 days of growth at 30◦ C,
the colonies were picked onto plates lacking Tryptophan, Leucine, Histidine, and Adenine. The
four-drop plates screen for colonies that show interaction between different polybromo constructs
and BEAF-32B. After 5 days, the plates are checked for colonies. Plates also included 20 mg/ml
X-α-Gal solution, colonies showing interaction will turn blue under this chemical, due to activation
of a third reporter gene.
Serial dilution was then performed by select colonies grown on 2-drop plates inoculated into
liquid 2-drop medium for 2 days and diluted to OD600 of 0.1. Four 5-fold serial dilutions were
prepared in a 96 well plate and spotted onto 2-drop and 4-drop plates with 5 µl from each well.
Growth was compared after 2-3 days.
3.2.3 Bacterial Protein Expression.
Myc-tagged proteins and FLAG-tagged BEAF-32B were separately expressed in the bacterial
strain Rosetta(pLysS). Since some of the eukaryotic proteins can be toxic to bacteria, pLysS strains
was used to express T7 lysozyme, which further suppresses basal expression of T7 RNA polymerase
prior to induction, thus stabilizing pET recombinants encoding target proteins that affect cell growth
and viability. Transformed bacteria were incubated at 37◦ C for 16 hours on LB-agar plate containing
ampicillin(100mg/ml) and chloramphenicol(34mg/ml). A positive colony will be inoculate in a 5ml
of auto-induction media(1%NZ-amie AS, 0.5% yeast extract, 25mM KH2 P O4 , 25mM N a2 HP O4 ,
5mM N a2 SO4 , 50mM N H4 Cl, 2mM M gSO4 , 0.5% glycerol, 0.05% glucose, and 0.2% α-lactose)
containing Ampicillin and Chloramphenicol. Solution will then be cultured for 24 hours in the
shaker at room temperature(25◦ C) for 24 hours. Expression of T7 RNA polymerase will be induced
by α-lactose when the cells have used up glucose. After 24 hours, the bacteria were collected
to make protein extracts(5000×G, 5 mins). All the remaining steps were performed on ice. The
cells were washed with Tris buffered saline(TBS, 1ml; 50 mM Tris-Cl pH 7.5, 150 mm NaCl) and
resuspended in 200µl of TEN(10mm Tris pH8.0, 1mm EDTA, 50mM NaCl) containing protease
inhibitor cocktail and 0.5 mM PMSF. Bacteria were then treated with with 1µl of 20% NP40 and
were put into -80◦ C freezer. After 2 hours, the cells were thawed and sonicated on ice for 5 cycles
for 30 sec each at 40% of maximum amplitude sonication wave. The supernatant was recovered

55

after spinning twice(16,000×g for 30mins at 4◦ C). Then add equal volume of TEN-glycerol(10 mM
Tris PH8.0, 1mM EDTA, 50mM NaCl, 20% glycerol)to make the final extract. The final extract
will be preserved at -80◦ Cfreezer after flash frozen in liquid nitrogen for further use.
3.2.4 SDS-PAGE
SDS-PAGE was prepared with 10% separation gel(pH8.8) and 5% stacking gel(pH6.8). Samples were mixed with 4×sample loading buffer containing a dye to a 1×final concentration. Then
the samples were heated for 5mins at 95◦ C and centrifuged for 10 secs. The samples were loaded
on the prepared gel and run at voltage of 150 V until the dye reach the bottom of the gel.
3.2.5 Pull-Down Assay and Western Blot
We used magnetic separator to collect the beads and remove discard TBS buffer. The ANTIFLAG M2 Magnetic Bead resin was provided as 50% suspension in 50% glycerol with 10 mM
sodium phosphate, 150 mM sodium chloride, pH 7.4, and 0.02% (w/v) sodium azide (PBA/A).
The resin was used by add 200µl of BEAF-32B cell lysate to the washed resin beads. The
packed gel was then washed twice with 10 packed gel volumes of TBS (50 mM Tris HCl, 150 mM
NaCl, pH 7.4) buffer. If necessary, bring the final volume to 1 ml by adding lysis buffer (50 mM
Tris HCl, pH 7.4, with 150 mM NaCl, 1 mM EDTA, and 1% TRITON X-100). The positive control
added 1 ml of TBS buffer and 4 ml of 50 ng/ml FLAG-BEAF fusion protein (∼200 ng) to the
washed resin beads. The negative control was added 1 ml of lysis buffer only with no BEAF-32B
protein extracts.
Second, Agitate or shake all samples gently a roller shaker for 2 hours. Wash the resin three
times with a total of 20 packed gel volumes of TBS (50 mM Tris HCl, 150 mM NaCl, pH 7.4).
Then make sure all the supernatant is removed.
Third, separate the protein from the beads by place tube in the magnetic separator again. Wash
the resin three times with a total of 20 packed gel volumes of TBS (50 mM Tris HCl, 150 mM NaCl,
pH 7.4). Then make sure all the supernatant is removed.
Fourth, add appropriate amount of myc-tagged protein extract to the magnetic beads. Agitate
or shake all samples and controls gently a roller shaker for 2 hours. Then separate the protein from
the beads by place tube in the magnetic separator again. Wash the resin three times with a total of
20 packed gel volumes of TBS (50 mM Tris HCl, 150 mM NaCl, pH 7.4). Then make sure all the
supernatant is removed.
Finally gel loading dye and heat for 95◦ C 5 mins. Then collect supernatant and load on gel for
SDS-PAGE.
After SDS-PAGE, the protein were transferred to nitrocellulose membranes, which were probed
either with affinity purified polyclonal anti-BEAF antibody or mouse monoclonal anti-FLAG or
rabbit anti-Myc antibody. Either Goat anti-mouse-HPR or Goat anti-rabbit-HPR were used with
ECL prime(Amersham) for detection.
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3.3 Results
3.3.1 Yeast Two Hybrid and Serial Dilution of 32B with Different Polybromo Combinations.
Both insulator and promoter function as multi-protein-DNA complexes to affect gene expression. BEAF-32b play an important role in chromatin organization and associates with active genes.
To understand the mechanism of BEAF-32B function at promoters or insulators requires identifying
the spectrum of proteins that BEAF-32B interacts with. Previously, our lab had performed a global
Y2H screen for BEAF-32B interacting proteins. This library was generated from mRNA from
Drosophila embryos, larvae, and pupae. The cDNA library was in the prey vector pGADT17 and
transformed into the Y187αyeast strain. BEAF-32B was cloned into pOBD2 plasmid and used as
the bait vector, and transformed into the Y2H gold yeast αstrain. After a/αmating, we selected
positive colonies for further data analysis. Among this library screen we found polybromo as a
BEAF-32B potential interacting partner. BEAF-32B should function in the nuclear, so we focus on
nucleus proteins like polybromo. (Table 3.1)
Table 3.1. Summary of physical interactions identified for BEAF-32B protein from the Y2H library
screen. Number in the parenthesis indicate the times they were found in the screen.

We designed different combinations of bromodomains to test which segment mediates binding
to BEAF-32B. After the library screen, the inserted cDNA has been sequenced. It suggested the
interaction region of polybromo is located from bromodomain-2 till bromodomain-5 or 6. Because
we know the plasmid started around the N-terminus of BD2, but no sequence info for the other end
and the plasmid was lost. The insert was 1 to 1.5 kb, so goes into BD5 or BD6. That is why we
focused on bromodomains.
Therefore we incorporated sections of PB2, PB3, PB4, PB5, PB6 and PB2-3, PB2-4, PB2-5,
PB2-6, PB3-4, PB3-5, PB4-5, PB5-6 into yeast two hybrid and pull down bacterial expression
vectors. Different parts of polybromo were fused to the carboxy-end of Gal4 DNA activation domain
of pOAD plasmid, and full-length or truncated versions of BEAF-32B were fused to GAL4-DNA
binding domain in pOBD plasmid.
Y2H experiments were performed to detect direct physical interaction. Bait and prey constructs
were transformed into the Gold yeast strain. The transformed yeast then grow on two-dropout agar
plates for 3 days, then grow on four-dropout agar plates for 3-5 days. All combinations were tested
in yeast two hybrids for at least 50 colonies.
Also, we have incorporated X-α-gal in the plates. It is a substrate for yeast αgalactosidase.
This is a third reporter gene, with Hist, Ade. It detects the activation of the GAL4-regulated gene,
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which encodes the secreted enzyme alpha-galactosidase. This enzyme hydrolyzes colorless X-α-gal
into a blue colored product. Since we added X-α-gal on to the plate, the transfected yeast showing
interactions will turn blue.(Figure 3.8.)

Figure 3.8. Tested interaction between Polybromo combinations and BEAF-32B. Percentage shows the ratio between
blue colonies grew on 4-dropout plates and picked colonies
from 2-dropout plates. All groups are picked more than 50
colonies for statistics.
Following the identification of the physical interaction tested in the yeast two hybrid, we found
PB4-5 has the most significant interactions with BEAF-32B. This was confirmed by serial dilution
of selected colonies from the yeast two hybrid.
YEPD media was prepared for original gold yeast to grow. Two-dropout liquid media lacking
in leucine and tryptophan was used to identify the successful uptake of bait and prey plasmids. After
growth in 2-dropout liquid media for two days, we diluted it to an OD600 of 0.1 and 5 fold serial
dilution were spotted onto 2 drop and 4 drop agar plates. (Figure 3.9.)
After transformations, polybromo 4-5 shows the strongest interaction with BEAF-32B. Around
19% of the colonies on 2-drop grew and turned blue on 4-drop. Second is PB3-5 and PB3-4 with
11% positive rate. It is interesting that polybromo shows different Y2H result as positive control of
Sry − δ with BEAF-32B. For Sryδ group, every colony from 2-drop grew on 4-drop and turned
blue. This is not the case for polybromo. This might caused by a weak interaction combined with
disproportionate ratios of the two plasmids after transfection. Afterall, it shows the PB4-5 and
PB3-5 show the strongest interactions. Bromodomain 4 and possibly the linker region between 4-5
are important for the interaction.
3.3.2 Pull down Confirms Interaction between Polybromo4-5 and BEAF-32B.
Having shown that polybromo 4-5 physically interacts with BEAF-32B through yeast two
hybrid, it remained unclear if the abnormal growth of yeast colony on the four-dropout plates is
caused by weak interactions. This issue could be tested by Pull down. Therefore, we designed
constructs for bacterial expression to check the Y2H interactions.
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Figure 3.9. Identifying interaction regions between Beaf-32B
with different sections or combinations of polybromo. It has
include PB2, PB3, PB4, PB5, PB6, and pb2-3, pb2-4, pb3-4,
pb3-5, pb4-5. Grew means the percentage of colonies grew
on 4 drops vs. picked from 2 drops plates. Blue means the
percentage of colonies turn blue on 4 drops vs. picked from 2
drops.
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N-terminal Flag-tagged BEAF-32B and N-terminal Myc-tagged protein sections were expressed in Rosetta cells, and protein extracts were prepared for pull down. Each polybromo extract
was mixed with anti-Flag magnetic beads loaded with Flag-32B. After three washes, each protein partner was detected with anti-myc antibody, and BEAF-32B was detected with previously
characterized anti-BEAF antibody through Westernblot.

Figure 3.10. Pull downs of BEAF with different combinations
of bromodomains. First lane indicates the input for all the
proteins. Second lane indicates mock pull down of extract
mixed with anti-Flag beads without BEAF present. third
lane is the actual pull down of different combinations of
polybromo by Flag-BEAF-32B. Fourth lane is detection of
Flag-32b that being pull-down from the same extract loaded
in the third lane as a control. Full length polybromo was
detected with anti-polybromo antibody.
Pull-down experiments were done with bromodomain pairs, and we detected interactions
between Polybromo 4-5 and polybromo 3-4 with BEAF-32B. There is no trace of interaction with
PB2-3 and a very dim band with PB5-6. This shows Polybromo-4 is important in the interaction
with BEAF-32B. (Figure 3.10.)
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3.3.3 Polybromo 4-5 Interact with Long LZ through Yeast 2 Hybrid.
To further characterize the interaction, we used Y2H to test different segments of BEAF-32B
for interaction with PB4-5. In this case, we have extract different BEAF section from BEAF-32B
full length. The parts of BEAF-32B used are the middle region, leucine Zipper, Leucine Zipper
Bess, Bess domain, and Long Leucine zipper. (Figure 3.11.)Since Bess domain responsible for
BEAF-BEAF interactions, we used full length BEAF-32B as a positive control, and Bess deletion
BEAF-32B(delbess) as negative control. Different cDNA fragments from BEAF-32B were inserted
into pOBD plasmids as bait and pOAD-polybromo 4-5 as prey.

Figure 3.11. Fragments extract from BEAF-32B are BEAF-32B full length(BFL), BESS deletion
BEAF-32B(delbess), Middle region(MID), Long Leucine Zipper(LLZ), Leucine Zipper Bess(LZB).
We performed Yeast two hybrid assays and picked at least 50 colonies for each. We found
the long leucine zipper region(LLZ) has the most significant binding affinity with polybromo4-5,
based on the percentage of 2-drop colonies growing on 4-drop plates(Figure 3.12.). Once again, the
interaction appears weak since only 14% grew on 4-drop plates.
The LLZ region mainly contain the leucine zipper region and also included 13 amino acid
from the middle region and 11 amino acids on the Bess domain side. The reason LLZ works better
than MID and LZ is not clear, but hypothetically the flanking area can help leucine zipper fold in an
appropriate three dimensional structure that facilitate the binding(Figure 3.13)(Figure 3.14.).
We concluded that Polybromo 4-5 interacts with BEAF-32B LLZ. However, comparing with
the interaction between BEAF-32B sections with Sry − δ, the interactions of PB4-5 is a little
different. For positive control Sry − δ, each colony that grew on two dropout agar plate will grow
on four dropout agar plates. But PB4-5 only shows 14% growth rate with LLZ. As discussed above,
this might caused by a weaker interaction between these two.
3.4 Discussion
In this chapter, we have followed up on the global yeast two hybrid library screen identification
of the nuclear protein polybromo interaction with BEAF-32B. Bromodomains have around 110 aa
and function as the “readers" of acetylated lysine residues, especially important for recognition of
N-terminal tails of histones. It contains evolutionary conserved four alpha helices linked by various
forms of loop regions that make them highly variable between each other. the helices together with
the loops form a hydrophobic pocket that can “read" acetyl lysine.
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Figure 3.12. The region covered by Long Leucine Zipper. It’s stretched to 13 aa in the
middle region and 11 aa after leucine zipper region.

Figure 3.13. Identifying interaction regions between Beaf-32B with different sections or
combinations of polybromo. It has include PB2, PB3, PB4, PB5, PB6, and pb2-3, pb2-4,
pb3-4, pb3-5, pb4-5.
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Figure 3.14. Different sections of BEAF-32B interact with Polybromo 4-5 and Sry − δ.
In our Y2H experiment, firstly, we find no interaction for those individual bromodomains
with BEAF-32B. This could be explained by individual bromodomain being unable to bind with
other proteins. Next, we designed different combinations of bromodomains to test them in Y2H
against BEAF-32B. In this case, we have found some positive growth on the 4 dropout agar plates.
However, not all colonies that grow on 2 dropout plates can grow on the 4 dropout plates. The
positive rate is around 19% for the strongest interaction.
Compared to positive controls, both BEAF-32B with BEAF-32B and BEAF-32B with sry − δ
show 100% growth. This might caused by “weak" interactions. We have transfected two plasmid,
one is prey, another is the bait, into yeast cells. At the molecular level, the molecules of different
prey and bait might be disproportional in each yeast cell. We observe longer time for them to grow
on 2 dropout plates. For positive controls, they can show colonies within 2 days, but for the testing
samples they need almost 4 days to show colonies. They can survive on the two dropout plates,
but the interaction might not be efficient. Even if they can replicate the plasmids, the interaction
still unable to make all of them survive on 4 dropout plates. In my experience, this phenomenon
could be common among weak interacting proteins. To solve this problem, maybe choose another
yeast strain that multiply the plasmids rapidly or increase the yeast transfection efficiency. We have
applied X − αgal solution to the plates. It can help us to pick potential positive colonies, however,
the false positive rate still high. Sometimes, the entire plate shows a dim blue color. To solve this
problem, I find adding X − α − gal at lower temperature or increase the agar concentration can
help.
In order to address the weak interaction phenomenon, we tested the interaction through pull
down experiments. Using bacterially expressed protein we got convincing result that polybromo
3-4, and pb4-5 interact. Combined with information from Y2H, that pb3-5 and pb4-5 interact. We
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conclude that bromodomain 4 and the linker region between bromodomain 4-5, important for the
BEAF-32B interaction.
After the pull down experiment, we have tested different BEAF sections for interaction with
polybromo 4-5. We found the long leucine zipper interact with it. However, LZ by it self does not
interact, and the middle region has very low interaction rate. This can be explained as leucine zipper
is important for interaction but they need to have the flanking region to fold into correct structure.
Taken together, with the evidence that polybromo play an important role in maintain germline
stem cells [41]. The polybromo depletion in ovary can cause malfunction of cystoblast. And
depletion of BEAF-32B also caused malfunction in oogenesis. Polybromo can also help chromatin
to slide and keep active during condensed period. Therefore, after confirmed the interaction between
BEAF-32B and polybromo, it is very likely these two work synergistically during embryogenesis.
Polybromo can help to replace H3.3 to keep DNA region nucleosome free. By this way, they can
help to recruit BEAF-32B and temporally build up a boundary region and regulate gene expression.
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Chapter Four: Summary
It was a serendipitous discovery of BEAF-32B from a cDNA cloned encoding BEAF-32, and
differentiated BEAF-32A and BEAF-32B. Since then, BEAF-32B has long been determined as
a insulators [127]. Additional evidence include a dominant negative protein can interfering with
BEAF-32B’s function.
A genome wide mapping found that 85% of BEAF-32B is located near TSS, suggesting it
could play a role in promoter activity [10][48][80]. To gain insight into molecular mechanisms of
BEAF-32B function we conducted a Y2H screen for interacting proteins.
There are several interactions from the Y2H has caught our attention, including Bcd, Scr, and
Sry − δ. Among them Sry − δ shows robust interaction. This interaction has further been verified
through rough eye assay, mapping interaction regions, pull-down experiments using bacterially
expressed proteins, and biFC. Sry − δ Two other studies also found an interaction between BEAF32B and Sry −δ. One expressed 459 epitope-tagged chromatin proteins in S2 cells, immuno-affinity
purified the proteins, and did proteomic mass spectrometry to identify co-purifying proteins[93].
BEAF-32B co-immunoprecipitated with epitope-tagged Sry − δ and vice versa, finding multiple
peptides for both proteins. We also detected Sry − δ by mass spectrometry of proteins that coimmunoprecipitated with BEAF-32B from embryo nuclear protein extracts(unpublished data).
Second, an unpublished large-scale Y2H study found an interaction of BEAF-32B with Sry − δ
(http://flybi.hms.harvard.edu/results.php).
The structure of Sry − δ is 7 zinc fingers, which binds DNA as a dimer, and was shown
to be a transcriptional activator in transient transfection experiments [87]. It is closely related
to, but functionally distinct from, Sry − β that is encoded by a neighboring gene [88][98]. Like
BEAF, Sry − δ is maternally provided and ubiquitous throughout development [89]. Mutations
are recessive embryonic lethal, although certain alleles allow development of some adults when
hemizygous over a deficiency [16]. Almost all of these adults are small, sterile males, and some
have phenotypes including rough eyes, extra humeral bristles and missing thoracic macrochaetes. A
dominant negative form of BEAF-32B is also embryonic lethal [96], and the few adults obtained
from embryos lacking maternal and zygotic BEAF-32B are nearly all males with rough eyes,
although they are fertile [96]. Heterozygous mutations in Sry − δ can suppress sterility caused by a
piwi mutation, although Sry − δ does not appear to regulate piwi [105].
At this point, only the expression of bcd during oogenesis has been shown to require Sry − δ
[88]. However, the pleiotropic effects of Sry − δ mutations during embryogenesis and later
development indicate that many genes are regulated by Sry − δ.
Research has shown that BEAF-32B is important for oogenesis. particularly at stages when
oocyte size dramatically increases by yolk deposition and transport of material from the nurse cells.
This might link to the antagonizing mechanism between Sry − δ and piwi.
As mentioned before, Sry − δ can suppress sterility caused by a piwi mutation. Piwi itself is
can work as a regulator of gene expression and necessary for transcriptional and post transcriptional
gene silencing in Drosophila.
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It is worth note that piwi is expressed in the germ line, and is required for the asymmetric
division of GSCs into daughter GSCs and daughter cystoblasts. It is likely in this case that when
Sry − δ is active, BEAF-32B can bind with Sry − δ and together, they help to establish the genome
structure and suppress piwi’s function. When there is no BEAF-32B, the Sry − δ will not bind to
its location, and piwi binds. As a result induce the disfunction of oogenesis. There is no evidence
that Sry − δ can interact with piwi directly, it is possible that binding with BEAF-32B and bcd can
cause the competition with piwi. This can be another explanation that BEAF-32B depletion can
cause disfunction of oogenesis.
The interaction with a transcription factor suggested that BEAF-32B might be playing an
activating role at BEAF-associated promoters, rather than insulating promoters. In support of this,
we found higher activation when Sry − δ bound next to promoter-proximal BEAF-32B than for
either protein binding alone. We also tested the ability of promoter-proximal BEAF-32B to facilitate
gene activation by Sry − δ bound 2.3 kb upstream. We call this a looping assay because, although
various models have been proposed [28], there is strong evidence that looping is a key component of
enhancer-promoter communication [20][21][119]. Evidence includes similar transient transfection
experiments [83]. This has been confirmed at the genome-wide scale using methods such as Hi-C
and ChIA-PET [50] [126]. Promoter- distal Sry − δ binding alone did not activate the reporter
gene even with a VP16 activation domain. We obtained convincing evidence for looping between
Sry − δ and BEAF-32B leading to reporter gene activation.
There are prior demonstrations of a role for BEAF-32B in activating BEAF-associated genes.
Previous experiments found that many BEAF-associated genes are downregulated 2- to 4-fold after
knockdown of BEAF-32B in cultured S2 cells or in the absence of BEAF-32B in embryos [23][48]
[65]. In contrast, another study found that BEAF-32B knockdown had minimal effects on gene
expression in BG3 cells, with only 6 genes showing significant downregulation and none showing
upregulation [100]. These reports did not examine the effects of mutating BEAF-32B binding
sites on gene expression. Further, they could not determine if the effects were direct or indirect,
or if effects on gene regulation were due to activation by BEAF-32B or insulation from repressive
effects. By mutating a BEAF-32B binding site, we clearly show that BEAF-32B can interact with
the transcription factor Sry − δ to activate a promoter.
There are also earlier demonstrations that BEAF-32B can participate in DNA looping interactions. It was shown that BEAF-32B can interact with CP190 and Chromator, and homodimerization
of either of these proteins can then act as bridges between BEAF-32B binding sites or BEAF-32B
and binding sites for other proteins these bridge proteins interact with, such as the insulator proteins
dCTCF, Su(Hw) and GAGA factor [116]. In the case of CP190, it was shown that interactions with
BEAF-32B lead to looping interactions with genomic sites lacking BEAF-32B binding sites that are
detected as indirect peaks by ChIP-seq. These indirect peaks often have binding sites for dCTCF or
GAGA factor. Mutating BEAF-32B so that it does not interact with CP190 eliminated the indirect
peaks and also affected the expression of genes associated with BEAF-32B and indirect peaks,
suggesting that the CP190-mediated looping interactions are important for gene regulation [68].
It is not known what effect the BEAF-32B mutation has on interactions with other proteins such
as Chromator. We did not detect interactions between BEAF-32B and CP190 by Y2H either by a
direct test or in our cDNA library screen, although we more recently detected an interaction between
BEAF-32B and Chromator (data not shown). The coIP-mass spectrometry study mentioned above
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also did not detect an interaction between BEAF-32B and CP190, but did detect an interaction
between BEAF-32B and Chromator [93]. We have similar coIP-MS results (unpublished data),
and an earlier report also found that BEAF-32B co-IPed with Chromator [30]. Regardless of the
contradictory CP190 results, Chromator could be mediating long-range looping between BEAF-32B
and other chromatin proteins. However, neither CP190 nor Chromator are typical transcription
factors. They do not directly bind DNA [116], and how they affect gene regulation is not clear. Here
we show DNA looping interactions between BEAF-32B and Sry − δ, a typical transcription factor,
leading to reporter gene activation without a need for bridging proteins.
One unique observation is BEAF-32B can strongly activate RpS12 housekeeping promoter and
the aurA cell cycle-related promoter. Our result of developmental promoter the yellow promoter did
not activated by BEAF-32B coincide with other research that sequences with BEAF-32B binding
sites do not activate an hsp27 or hsp26 promoter or w or hsp70 promoter in transgenic flies. This
provide evidence that BEAF-32B has its working preference. The aurA promoter encodes an
essential cell cycle protein [32]. Thus, it must be expressed in all cycling cells and so could be
considered a type of housekeeping gene. Together with ribosomal housekeeping promoter, we have
provide evidence that BEAF-32B can activate housekeeping promoter. One question we have is
the efficiency of yellow promoter, it is suppose to be a minimal promoter, but our luciferase data
suggests even without BEAF binding site in the construct, the basal expression of reporter gene
is significantly above untransfected cells. This might be caused by the minimal promoter can still
actively transcribe itself and BEAF’s role is mitigated by its activation. Maybe BEAF can function
in both developmental and housekeeping promoters, we need to test another established minimal
developmental promoter for example the white gene promoter to answer this question. Another
further direction for this research is to expand the number of promoters tested, and to determine the
mechanism behind the promoter-type specificity.
The DNA replication-related element-binding factor (DREF) is a BED finger-type transcription
factor. It binds to the DRE sequence (5-TATCGATA). There are evidence showing DREF plays
important roles during Drosophila development. For example, it is known to be required in the
regulation of endoreplication in shaft cells for bristle development. It is not only a transcription
factor, but also considered as a multifunctional protein. Consider its binding site is similar to
BEAF-32B binding site(5-CGATA), it is likely to raise the question that could BEAF be the reason
we observed the activation? The answer is no. Because the binding sites we used are specific
for BEAF-32B. First, there is no DREF purified from the binding sequence in the footprint assay.
BEAF-32B binding sites are 5’-AACCGATA-3’, and 5’-TTGCGATA-3’. But the DREF binding
site is: 5’-TATCGATA-3’. Their binding sites do not always overlap. Second, we have tested if
DREF can bind to BEAF-32B binding site we used here, the result is negative. Third, there are
evidence showing BEAF-32B and DREF compete rather than cooperate for binding. Also, we did
not detect an interaction between BEAF-32B and DREF in our Y2H screen. Finally, the minimal
RpS12 promoter lacks the DREF motif present at the endogenous promoter. Therefore, it is unlikely
that DREF influenced our results. Another potential future direction could be to test BEAF-32B
RNAi KO to see if the activation still there.
We have detected the interaction between BEAF-32B and polybromo. Polybromo functions
as the reader" of acetylated lysine residues, especially important for recognize N-terminal tails of
histones. Since bromodomain structure is highly evolutionarily conservative, we can get valuable
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information from research in human. The mammalian BAF180 has the same structure as drosophila
PBAP. It contains 6 bromodomains. It’s bromodomain 4 has shown important function for PBRM1
chromatin interactions through interactions include H3K14ac and H3K4me3. Also cancer research
has shown BD4 exhibits the highest frequency of missense mutations in ccRCC(clear cell renal
cell carcinoma), and plays an important role in mediating nucleosome interaction. In Drosophila
PBAP shows responsible for the generation of a DNase HS, and further displace heterochromatin
H3-H4. With the help of HIRA, PBAP can help to deposit H3.3 to its original H3. Therefore create
nucleosome-free region, and this process would be repeated continuously to achieve boundary
function. Since we found Drosophila bromodomain 4-5 interact with BEAF-32B Long Leucine
zipper. It is likely that during embryogenesis, Drosophila polybromo can continue to replace H3.3
at chromatin boundaries and then recruit BEAF-32B to form inter-TAD domain. This inter-TAD
boundary can serve as a barrier against the spreading of chromatin with specific epigenetic controls.
Together with the research of Polybromo, we found in Y2H screen both polybromo, bcd and
scr did not behave the same way BEAF-32B self-interaction and BEAF-32B interact with Sry − δ,
since they all exhibit 100% interaction, while polybromo, bcd scr they show only around 30% of
yeast colonies containing the Y2H plasmids grew on plates selecting for reporter gene expression.
This could be explained by weak interaction. We did not observe looping interaction among the
weak interactions. Therefore, those weak interaction might need to form a complex and work
synergistically with other cofactors.
TAD boundaries are crucial for controlling the interaction between genes and enhancers.
Human research has found almost all disease phenotypes caused by genomic deletions potentially
involve perturbed TAD boundaries. (three dimensional disorganization of the cancer.)
In Drosophila, TADs appear to be separated by regions of active chromatin containing clustered
housekeeping genes that form inter-TAD regions [115][17][47]. BEAF-32B is found near the TSSs
of hundreds of housekeeping genes. By contributing to the activation of these promoters BEAF-32B
could contribute to nuclear organization by helping to establish and maintain active genes that form
inter-TAD regions. This could explain why BEAF-32B is found at TAD boundaries and inter-TADs.
Together with the evidence that BEAF-32B can activating a gene through local or long-range
communication with a transcription factor, and directly activating a housekeeping promoter, We can
generate this model. It is possible that during embryogenesis, Drosophila polybromo can continue
to replace H3.3 at chromatin boundaries and then recruit BEAF-32B to prevent the spreading of
specific histone modifications. Also, BEAF-32B can bind with Sry − δ to perform antagonizing role
against piwi and achieve asymmetric development during cystoblast. Moreover, BEAF-32B might
help to interact with other transcription factors and cofactors and induce a phase separation model.
Inside this member-less phase, transcription start to initiate rapidly on those housekeeping genes on
the inter-TAD domains, and altogether help embryogenesis develop toward the right direction.
Afterall, this research provides insight into BEAF-32B, and relate its function in mediate
long-range interactions with additional transcription factors. Further direction could focus on
determine more transcription factors interacting with BEAF-32B, and trying to understand its role
during embryogenesis and TAD organization.
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Figure 4.1. Phase separation model of BEAF during embryogenesis.
BEAF-32 bind on genome during early embryogenesis to form topological domains and
organize genome structure with the help of polybromo. Unphosphorylated CTD of Pol II can
interact with each other to form cluster of Pol II. BEAF can be phosphorylated and recruit
transcription factors, further attract Pol II cluster to form liquid-liquid phase separation.
During this phase, the initiated transcription is paused, but within this phase, BEAF could
interact with phosphorylated CTD, and release Pol II from the cluster and start transcription
elongation. This process can further lead to enhancer burst.
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